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ABSTRACT 
DEVELOPMENT OF SIMPLIFIED MODEL FOR CRASHWORTHLNESS ANALYSIS 
Yucheng Liu 
August 5, 2005 
Simplified modeling generates a great deal of interest in the area of 
crashworthiness analysis. Modeling methods used to create simplified computer models 
for crashworthiness have been well developed. In advanced simplified models, 
researchers develop simplified elements that can correctly predict structure's crash 
behavior based on the existing collapse theories. These developed simplified elements 
then are applied to develop the simplified models. 
Nevertheless, most of the exiting collapse theories are regarding the thin-walled 
box section beams. However, in addition to the box section member, the channel section 
member is another popular member and is widely used in engineering for architectural 
structures, vehicles, and etc. Therefore, to simplifY the thin-walled channel section 
beams, new collapse theory is required to predict the crash behavior for such beams. This 
topic is the focus of this dissertation. 
This dissertation develops a mathematical model to predict the crash behavior of 
the thin-walled channel section beams based on their real collapse mechanisms. The 
derived math formulae are verified through several basic applications. After that, both the 
existing collapse theories and the developed collapse theory regarding the thin-walled 
channel section beams are applied to simplify the detailed truck chassis model. The 
VI 
developed simplified model is used for crashworthiness analysis and the results are 
compared to those from the detailed model. The developed theory and the modeling 
method are then validated through the comparison. 
Additionally, in developing the simplified truck chassis model, the cross members 
that were modeled using coarse shell elements in previous simplified models are 
remodeled using simple elements. Two of the simplified modeling methods, the 
superelement method and the equivalent beam method, are utilized to generate the 
simplified models for the cross members of the truck chassis model. The principle of both 
methods is to use simple elements to transfer the original members' mass and stiffness 
matrices. The equivalent beam method is recommended after comparison of the results 
of the crashworthiness analyses of each method. 
The primary contributions of this work are first, the derivation of crash theory that 
can predict the crash behavior ofthin-walled channel section beams. The second is the 
use of equivalent beams to simplify the cross members within truck chassis models. 
Finally, a simplified modeling methodology is presented and evaluated. 
All the theory and modeling method developed in this work are applied for 
creating simplified models. Both the simplified and detailed models are used for 
crashworthiness analyses, results show that the errors caused by the simplified models are 
fewer than 10% and the simplified models onl y take less than 10% of the computer time 
of the corresponding detailed models. 
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Crashworthiness is the ability of a vehicle to withstand a collision or crash and to 
prevent injuries to the occupants in the event of a vehicular accident. It is one of the most 
important criteria used in designing and evaluating a vehicle. Many manufacturers, 
research facilities and consumer protection groups need to perform crashworthiness 
analyses to test a vehicle's crash resistance ability and to better understand the vehicle's 
response during the crash. However, using real vehicles for the crashworthiness analysis 
is quite expensive because the crash test is a destructive test. Generally, in order to 
obtain qualified crashworthiness analysis results, multiple tests need to be conducted to 
assure the accuracy and the reproducibility of the test or to acquire the optimum design. 
Thus, numerous vehicle prototypes need to be produced and tested, which is extremely 
costly in terms of both time and money. Due to the necessity of crashworthiness analysis 
and the limitations of the real crash tests, computer analyses using finite element (FE) 
models, is warranted. This method can reasonably simulate the vehicle's crash process 
accurately at a reduced cost. 
The FE method, first developed in the late 1950's, has evolved into a very useful 
tool available to engineers for solving problems in many different areas. In its early use, 
the FE method was primarily restricted to linear analyses. With the increased availability 
of high performance computers, nonlinear finite analyses are increasingly being used in 
more applications, such as vehicle crashworthiness analyses. FEA has been integrated 
into many advanced CAD and CAE software programs to yield powerful computer tools 
such as ANSYS, NASTRAN, and LS-DYNA. These are extensively used in the area of 
dynamic and nonlinear analyses, including vehicle crashworthiness analysis. With the 
aid ofthese programs, the vehicle crash test can easily be simulated and observed on the 
computer, eliminating the need for producing and crushing numerous vehicle prototypes, 
thereby saving both time and money. 
A standard procedure in conducting a crashworthiness analysis using engineering 
software is to create a FE model for the real structure, to define the crash test conditions, 
and to run the simulation. However, new problems arise because the crashworthiness 
analysis usually includes high-rate heavy loading, which requires a small time step size to 
simulate the load history. Meanwhile, as the vehicle structure becomes more complicated, 
the size of the respective FE model increases significantly. Thus, the computer 
simulation consumes a larger amount of computer resources and takes much longer to 
complete the crashworthiness analysis when using a detailed FE model that faithfully 
reflects the structure's physical geometry. Moreover, for some complicated models, the 
crash problems cannot even be effectively solved with current computational power. 
Therefore, it is necessary that new methods and modeling techniques be developed to 
decrease the size of the current detailed FE models, which reduces the calculations and 
saves computation time. One possible solution is simplified modeling, which chooses a 
coarse mesh or applies equivalent elements to build a simpler finite element model for 
crashworthiness analysis. 
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In addition, in an automotive design stage, designers usually need to attempt 
different schemes with different geometries and shapes to achieve an optimum design. In 
this case, to repeatedly generate detailed models with respect to each scheme appears 
unnecessarily time-consuming. Simplified modeling can effectively remove this 
inconvenience. With a basic simplified model, users may only need to make small 
changes or switch certain settings to achieve new models with different design schemes. 
Therefore, simplified models are also useful in an automotive design stage and can be 
used to replace the detailed models for approximately evaluating different designs. 
1.2 Literature Review 
In preparation for this research, previous literature on the subject of interest is 
reviewed to establish a solid background. The literature can be classified according to 
the following three areas: 
1) Structural crashworthiness 
2) Crashworthiness analysis 
3) Development of simplified models 
1.2.1 Structural Crashworthiness 
In crashworthiness analysis, the response, or crash behavior, of the studied 
structures always receives the most attention. 
Don O. Brush and Bo O. Almroth [1] demonstrate the classic buckling behavior 
of identical structural members subjected to axial crash loading in the book "Buckling of 
Bars, Plates, and Shells." In this book, the authors discuss common buckling problems 
3 
and develop the equilibrium and stability equations for bars, plates, and shells. The 
authors also provide some particular examples that demonstrate how to determine the 
critical load using the stability equations. They include the direct numerical solution of 
the governing nonlinear equations. 
Ishiyama, Nishimura, and Tsuchiya [2] report a numerical study of the impact 
response of plane frame structures with thin-walled beam members to predict the 
deformation and absorbed energy of automobiles under crash loading. The researchers 
investigate the collapse characteristics of thin-walled beam members under crashing 
loads, describe the inelastic deformations of the frame structure, and verify the important 
assumptions and conclusions via crash tests. 
E. Haug and A. De Rouvray [3] illustrate the numerical simulation and prediction 
of the crash response of metallic components and structures. The algorithms of the 
numerical crashworthiness simulation and prediction are developed in their research. To 
validate the developed numerical algorithms, a full car crash simulation is performed 
using the numerical method. The reliability of the numerical method is verified by 
comparing the results of the simulations and the experiments. 
A. G. Mamalis, D. E. Manolakos, G. A. Demosthenous, and M. B. Ioannidis [4] 
study the crashworthy behavior of thin-walled structural components subjected to various 
loading conditions, i.e. static and dynamic axial loading and bending. The authors 
describe the loading and deformation characteristics of the collapsed shells and discuss 
the influence of the shell geometry and the material properties on these characteristics. 
Also, the structural features related to vehicle collisions are introduced and useful 
conclusions for vehicle design and manufacture are provided. 
4 
H. S. Kim and T. Wierzbicki [5] investigate the ~rush response of thin-walled 
prismatic columns under combined bending-compression collapse loading. They 
construct the initial and subsequent failure loci representing the interaction between the 
axial forces and the bending moment. In their work, the researchers formulate a problem 
in which rectangular cross-section beams with different aspect ratios are subjected to a 
prescribed translational and rotational displacement rate. They then generate numerical 
results after solving the problem. From the numerical results, they continue developing 
the corresponding initial and subsequent failure loci, which describe the anticipated crush 
behavior of thin-walled columns under combined loading. 
A. A. A. Aighamdi [6] studies the buckling behavior of specific thin-walled 
aluminum frusta. The thin-walled aluminum frusta with different angles and differing 
thickness are axially crushed separately, and respective folding-crumpling mode is 
observed. In this paper, the load-displacement relationship between the frusta and the 
axially load and the final energy density ofthe frusta are selected to describe the frusta's 
buckling behavior. Also, the effect of its angle and thickness on the results is introduced. 
Then, the load-displacement curve and the energy density are specified as the functions 
of them. 
From the reviewed crashworthiness literature, useful information is gained in the 
following areas: 
1) Crash response of structural members including bars, plates, and thin-walled 
beams. 
Crash response refers to the crash member's reaction to sudden damage or 
destruction on impact. In most cases, during the crashes, the crushing forces 
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that are transferred to the crash member, the energies absorbed by the crash 
member, and the displacement are the most important output parameters, and 
thus, typically used to describe the member's crash response. 
For an identical crash response, the crushing force usually increases linearly 
with the displacement on the early stage ofloading up to its maximum value 
and then decreases abruptly as the deformation proceeds. Additionally, the 
crashed member's displacement increases significantly right after the crash. 
Then, the rate of increase decreases as the deformation proceeds and goes to 
zero when the crashed member entirely stops. Finally, the characteristics of 
the absorbed energy are determined by the crushing force and the 
displacement. 
Also, it is found from the above literature that many factors affect the 
member's crash response. The most important factors are the member's initial 
velocity, its thickness, and the material. From previous crash tests and 
numerical analyses, it is concluded that the maximum crushing force increases 
with the increasing of the initial velocity, thickness, or the crash member's 
yield stress. 
2) The commonly used research methods that are applied to study the structure's 
crash behavior 
From the literature mentioned in this section, it is found that the researchers 
usually use the experimental method and numerical analysis method to find 
the structure's crash response. 
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The experimental method involves acquiring the important crash outputs 
through real crash tests and then, studying the characteristics of the crashes 
based on the analysis of the acquired experimental data. The advantage of this 
method is that it is a direct way to describe the member's crash response. 
Another widely used method is the numerical analysis method. In this method, 
a numerical model is created for the crash member, current crash theories are 
applied to create its equations of motion and constitutive equations. Therefore, 
the crash member's crushing force and displacement are expressed by related 
formulae. After that, the crushing force and the displacement are solvable at 
successive instances of time using the integration method. This method is 
widely used to predict and estimate a single member's crash response. Due to 
the assumptions taken in building the equations and integrating over the time 
domain, the derived analytical solutions approximate the actual situation. 
As introduced above, both methods have their advantages and limitations, 
forcing researchers to apply both methods simultaneously to study and verify 
the crash problems. 
1.2.2 Crashworthiness Analysis 
1.2.2.1 Methods and Techniques Used for Crashworthiness Analysis 
Computational technology, computer tools, and programs that can quickly 
perform complex calculations make complicated engineering problems easier to approach. 
With the evolution of the computer, numerous research methods are integrated into the 
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computer to help researchers study and simulate the structural crashworthiness analysis 
[7]. 
A. Toyama, K. Hatano, and E. Murakami [8] introduce an example of using 
numerical analysis to investigate vehicle crashworthiness. In their paper, the authors 
point out the limitations of the vehicle crash experiments. The crush characteristics and 
performance of a vehicle body can not be obtained experimentally due to the very short 
experimental time. Thus, the numerical analysis techniques using the finite element 
method can be applied to determine the behavior of vehicle components during the crash. 
A vehicle frontal crash simulation study is presented with the explicit FE code PAM-
CRASH performing this simulation. The deformation modes, the transmitted force, and 
the internal energy are studied, and the detailed deformation mechanism of the vehicle 
body, which is impossible to make experimentally, is analyzed quantitatively. 
U. N. Gandhi and S. J. Hu [9] build an analytical model directly from the crash 
test measurements using system identification techniques. The model is used for 
automotive crashworthiness analysis and for the parametric study. The analytical model 
includes two parts: a differential equation part consisting of mass, stiffness, and damping 
characteristics and a transfer function part consisting of an autoregressive moving 
average of white noise. The authors discuss a data-based approach in modeling 
automobile crashes with the procedure and numerical method of creating a data -based 
model being described intensively. To verify the approach they construct two simple 
models for frontal impact and for side impact. The comparison between the measured 
and the simulated results verifies that the data-based model developed in the research is 
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beneficial both when predicting the vehicle crash test results and when perfonning the 
parametric study. 
C. Cosme, A. Ghasemi, and J. Gandevia (1999) [10] discuss the roles of different 
CAE tools in the design of heavy-duty truck frames and perfonn specific case studies to 
demonstrate how this technology is used. Two popular CAE tools, FEA and multi-body 
system simulation (MSS), along with a modal superposition technique known as 
component mode synthesis (CMS) are presented in the paper. The authors establish the 
possibility of using an FE model directly in a multi-body simulation with the help of 
CMS. The technique of FE mesh modeling is demonstrated clearly as well. Then, a 
detailed MSS heavy truck model is developed using the ADAMS software code. The 
truck model is analyzed, and all the changes to the truck frame in the event of impact are 
simulated successfully. Next, the CAD/CAE methodology described in the research is 
applied to several projects, which mainly concern the structural design and optimizations. 
Satisfactory results are obtained using this technique. 
H. Nishigaki, S. Nishiwaki, T. Amage, Y. Kojima, and N. Kikuchi [11] propose a 
new variant of CAE, first order analysis (FOA) for automotive body design. The authors 
present the concept FOA and completely demonstrate the characteristics and 
advantageous ofFOA. In applying the FOA to automotive body structures, they choose 
beam and panel elements for the structural analysis and use the beam elements for 
topology optimization. Also, a cross-section analysis is perfonned as a part of the FOA. 
The analysis process and its results are thoroughly illustrated, and the fonnulations of the 
elements used in these analyses are also explained. During the research, the 
Microsoft/Excel graphic interface is used to achieve these analyses. 
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1.2.2.2 Applying FEA for Crashworthiness Analysis 
Among all the methods, FEA is the method most commonly used to solve 
engineering problems involving non-linearity. In O. C. Zienkiewicz's book [12], the 
author illustrates how to apply the classic FE method to nonlinear problems, including 
material non-linearity such as plasticity and creep and geometric non-linearity such as 
large displacement and structural instability. The differential equations governing the 
non-linearity are presented in addition to a demonstration of the classic FE method. 
Recently, due to integration with advanced computer programs, FEA is intensively 
applied to solving and to simulating the problems of structural analysis and other related 
fields. Also, the wide application of the FEA is stated. 
B. G. Prustyand S. K. Satsangi [13] present a finite element buckling analysis of 
the laminated stiffened plates and the stiffened cylindrical shells using revised shell and 
stiffener modeling methods. Their work utilizes quadratic isoparametrics to model the 
shell and plate structures with a three-node curved stiffener element representing the 
stiffeners. Before starting the buckling analysis, the characteristics of the stiffened 
laminated structures subjected to small displacements are introduced, and finite element 
formulations are created to describe the stiffness matrix and geometric stiffness matrix 
for both the shell element and the stiffener element. Then, the buckling analysis 
commences on the identical stiffened laminated structures, which suffer from various 
loading cases. The final results are compared with the published ones, and an acceptable 
degree of correlation is obtained. 
C. B. W. Pedersen [14] concentrates on the topology and the optimum design of 
the frame structures with respect to their crashworthiness. He creates the frame structures 
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using rectangular 2D-beam elements with plastic hinges, and chooses the height of each 
beam as the design variable that optimizes the design in order to control the energy 
absorption of the whole structure. A nonlinear FEA is combined with the topology 
optimization to solve the problem. Particularly, the Newmark method is used for time 
integration, the implicit backward Euler algorithm is applied to obtain the system 
solutions, and the direct differentiation method is used to evaluate the implicit 
sensitivities. With the optimum design achieved, the whole topology optimization 
procedure and the parametric study of the design variable presented in the work become a 
reference for this research. 
An identical procedure of performing a vehicle crashworthiness analysis using 
FEA combined with advanced computer tools does the following: creates an eligible 
computer model, defines the appropriate crash conditions, runs the analysis, documents 
and analyzes the computational results, and enables the drawing of conclusions. Of the 
whole procedure, the computer modeling is the most important step, which directly 
relates to the accuracy of the final results. Researchers and engineers create many 
qualified computer crash models using different computer programs to perform 
crashworthiness analyses. Some previously published, fully developed computer models 
also involve the application of various computer programs. 
The Silicon Valley Office of ARA [15] enabled crashworthiness simulations by 
developing a high fidelity computer model of a Ford Crown Victoria. Before creating the 
FE vehicle model, the researchers complete the measurement and digitization process that 
acquires complete and detailed vehicle geometries. When performing the crash 
simulations, the frontal impact and the side impact are considered, and the corresponding 
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impact conditions are defined. After finishing the computer simulations, the crash test 
data are collected, and the collision responses of different parts of the vehicle are 
described. Comparing the computer analysis results with those measured from real 
impact tests reveals a good correlation between the two results. The impact tests and the 
computer simulations of vehicle components are performed, and similar modeling and 
evaluation procedures are carried out on some of the important components such as the 
frame and the bumper. 
J. M. Gonzalez, C. D. Kan, and N. E. Bedewi [16] present a highly detailed FE 
model of a 1997 Dodge Grand Caravan. The detailed modeling process and techniques 
are described in their work. This detailed vehicle model is used for different types of 
crash simulations, and a good correlation is established between the computer simulations 
and the real vehicle impact tests. 
D. Lawver, L. Nicodym, D. Tennant, and H. Levine [17] predict the response of 
nonlinear, explicit, and FE aircraft impacting into concrete runaways and soil surfaces or 
reinforced concrete shelters. FLEX explicit finite element code is used to model the 
aircraft and the impacted structures; also, shell elements, hexahedral elements, and beam 
elements are used to model the fuselage, the concrete walls, and the aircraft stiffeners 
separately. The created FE models simulate the crash process, and the FEA results, such 
as the total forces and impulses acting on the target, are summarized to describe the 
responses of the rigid target and the aircraft during the crash. In this work, the theories 
and background of FE modeling are referenced along with the advantages of the explicit 
FE model in high-speed crash analysis in comparison to other existing models. 
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z. Q. Cheng, J. G. Thacker, W. D. Pilkey, W. T. Hollowell, S. W. Reagan, and E. 
M. Sieveka [18] validate a finite element model for a four-door sedan that can be 
successfully used in computational simulations of different car-to-car impact conditions. 
In the project, a detailed finite element model of a four-door sedan is provided. The main 
tasks of the researchers are to modify and to refine the model to improve its 
computational performance. This performance is based on computational impact 
simulations and ensures that the computer results are concordant with the test data of 
actual vehicles. The pre-processing software, HyperMesh, reviews the model before the 
simulation, and the LS-DYNA executes the computational simulations. The researchers 
describe the experiences encountered during the modification and refinement of the finite 
element model. Some common issues associated with LS-DYNA and the model are 
addressed, which include the negative volume of solid elements, shooting nodes, energy 
balance, and calculation of accelerative forces. Several different car-to-car impact tests 
are simulated on a computer with an acceptable congruency between the results of the 
computational simulations and the actual test data. 
Dr. A. Eghlimi and Dr. J. D. Yang [19] perform a crash analysis to simulate a car 
impacting a collapsible signpost using ANSYS and LS-DYNA. The objective of the 
project is to predict the behaviors of the thin-walled signposts under wind load, self-
weight, and crash conditions. Then, they optimize the design ofthe signpost to achieve 
better performance under both the static and the dynamic load conditions. The whole 
project includes the static analysis of the signpost when subjected to the wind load and 
self-weight and the crash analysis of impact from a vehicle. ANSYS is used for the static 
analysis, and the LS-DYNA is used for the crash simulation. The work displays different 
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applications of ANSYS and LS-DYNA and beneficial examples of how to use the 
postprocessor of LS-DYNA to record and to plot all the important data. In addition, the 
buckling behavior and the response of the signpost during the crash simulation are 
recorded in terms of the displacement, the velocity, and the acceleration history at certain 
monitored nodes. These monitored nodes serve as indicators representing the entire 
buckling process of the signpost. 
Y. M. Jin [20] develops the analysis and evaluation of vehicle body structure 
using FE methods. He uses MSC products such as Patran, Nastran, and NVH_Manager 
to perform the FE modeling and calculation. In his research, the target body structure 
model undergoes static analysis, dynamic analysis, and noise-velocity-harshness (NVH) 
analysis. The performance of the vehicle body is evaluated, and the full body crash is 
simulated on the computer. This project demonstrates the effective application of finite 
element methods when combined with the advanced CAD/CAE programs in vehicle 
crashworthiness analysis. The computer results are verified by real tests. 
To create a valid FEA crash model, the modeling method must be considered first; 
the original CAD model must be correctly meshed. Additionally, appropriate crash 
conditions such as boundary conditions and initial conditions should be selected to 
guarantee the accuracy of the analysis results. Some projects pertaining to these areas are 
reviewed for later research. 
M. H. Ray [21] describes the typical impact conditions in side-impact collisions 
with fixed roadside objects. He defines the impact conditions by specifying four 
parameters: the vehicular mass, the impact velocity, the impact angle, and the impact 
point. The author examines the data of numerous accidents from police-reported side-
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impact collisions and summarizes the effects of each parameter on the severity of the 
collisions. Then, the worst-case impact conditions that result in fatal consequences are 
determined and as possible, selected as the conditions for the full-scale crash test. The 
conclusions obtained in this work are adopted to determine the impact conditions for a 
vehicle crash computer simulation. 
J. A. Zukas and D. R. Scheffler [22] focus on the effects of the computational 
mesh on the computational simulations of problems that involve fast and transient 
loading such as, impact problems and crash analysis. The researchers discuss various 
factors related to the mesh that might cause discrepancies between the computer results 
and the experiment results. They also provide suggestions on how to decrease the effects 
of these factors and guarantee the reliability of the finite element model used for the 
simulations. This work is very instructive and is usable as a reference for how to 
generate the meshes for a finite element model appropriately. 
B. Canaple, G. P. Rungen, E. Markiewicz, P. Drazetic, J. H. Smith, B. P. Chinn, 
and D. Cesari [23] develop a new methodology in modeling the motorcycle accidents in 
which a motorcycle impacts a stationary car. The objective ofthe research is to evaluate 
the head injuries of the riders involved in motorcycle accidents, but the modeling method 
in the paper is very creative. The researchers use a "multi-body" model to represent the 
motorcycle and the target vehicle. They divide the full physical model into several 
components with specific joints that connect them together. Using the understanding of 
the possible relative motions between the components and the characteristics of their 
joints, the corresponding multi-body models are created. It is verified that the developed 
model can simulate the responses of the original model very well. 
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The reviewed literature on crashworthiness analysis using finite element analysis 
is summarized into three areas: 
1) Introduction of the methods and techniques usually applicable to 
crashworthiness analysis 
These methods mainly include the numerical analysis method and the 
experimental method. With the development of computational technology, 
some powerful CAE tools such as FEA, MSS, and FOA are proposed and 
applied to solve such problems quickly and efficiently. Also, new techniques 
in system identification and component mode synthesis are introduced to aid 
users in building high quality analytical crash models for the numerical 
analysis. 
2) Explaining how to apply FEA to solve crashworthiness analysis and 
describing the normal steps 
From the above literature, the normal steps used to apply FEA to solve 
crashworthiness analysis are briefly summarized as: 
• Creating an eligible FEA computer model 
• Determining the appropriate crash conditions and boundary conditions 
• Applying these conditions to the FEA model 
• Running the crashworthiness analysis 
• Obtaining and analyzing the computer results 
• Drawing conclusions 
3) Presenting several FE vehicle models that are used for crashworthiness 
analysis and illustrating the modeling methods 
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A typical FE vehicle model is generated based on the geometries and shapes 
of the prototype vehicle, which is usually composed of solid elements, shell 
elements, and beam elements. The number of elements depends upon the 
meshing method used and determines the overall size of the model. Different 
computer software packages create such models and run the analysis. Some 
examples are LS-DYNA, ANSYS, PAM-CRASH, MSC products, 
HyperMesh. 
1.2.3 The Development of Simplified Models 
Because of the advantages of the simplified FEA model in crashworthiness 
analysis, some previous researchers search for valid simplified models to replace the 
existing detailed models. Only a few such models are published because simplified 
modeling is a relatively new subject and is not developed as fully as other fields. 
P. Drazetic, E. Markiewicz, and Y. Ravalard [24] develop kinematic models to 
analytically determine the resistance to collapse of thin-walled structures of simple 
geometric shapes subjected to compression or bending loading. Then, based on the 
kinematic models, a simplified model for an "S" frame is created that is composed of 
beams and nonlinear springs. Both the simplified model and the detailed model undergo 
crashworthiness analyses. The results are compared with each other as well as with the 
results of an experimental test. The comparison reveals that the simplified model is a 
promising tool for rapid estimates of the crash behavior of simple structures and can 
model vehicle structures. 
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In the Ford Motor Company's manual book "Guidelines for Modeling an 
Automobile Body for NVH Analysis - Simplified Models" [25], researchers present the 
concept of simplified models in contrast to the detailed models. They describe the 
characteristics of the simplified model and demonstrate the advantages of using the 
simplified model as opposed to the detailed model. The series of simplified modeling 
techniques and methodologies in creating different members and components ofFord 
vehicles are documented in this book and are very beneficial to later research. 
R. J. Brooks and A. M. Tobias [26] review the related studies on model 
simplification techniques and develop an instructive guideline of how to choose the best 
model for a mathematical or computer modeling study. They evaluate the performance 
of a model and explain the meaning of the level of detail and complexity. In their work, 
they focus on the relationship between the model performance and the level of detail or 
complexity of the model. Then, they assert comparing and choosing the alternative 
model based on its level of detail and complexity. 
H. S. Kim, S. Y. Kang, I. H. Lee, S. H. Park, and D. C. Han [27] create simplified 
vehicle structures using beam elements and nonlinear springs for crashworthiness 
analysis. They introduce the method that uses nonlinear springs and beam elements to 
model the major parts of a vehicle, while shell elements model the plate parts and rigid 
parts. Also, they verify that the nonlinear spring and beam element can simulate both the 
axial and the bending collapse behaviors involved in crashes very well. In their work, the 
same crashworthiness analysis is performed on two full car models. One is mainly 
modeled by nonlinear springs and beam elements (almost 75%), and the other one is 
modeled by shell elements. After checking the results and computer times, it is shown 
18 
that compared to the detailed vehicle model (the shell element model), the simplified 
model (the beam-spring model) provides an approximate result (with 15% error) while 
only requiring 16% of the computing time of the shell element model. 
A. K. Aaouk, N. E. Bedewi, C. D. Kan, and D. Marzougui [28] develop a multi-
purpose finite element model of a 1994 Chevrolet C-1500 pick-up truck and use it for 
impact simulations. A detailed model and a simplified model are created; the procedures 
of the modeling generation and simplification are described, and the features of each 
model is thoroughly demonstrated and compared. They use the detailed model and the 
simplified model for the crash simulations separately. They compare the simulation 
results with those of real impact tests in terms of overall impact deformation, component 
failure modes, and the velocity and the acceleration at various locations of the vehicle. 
The impact modes include frontal and side impact, and both of them are discussed in the 
paper. The LS-DYNA performs the computer simulations; the results are gathered and 
analyzed. Also, the simulation results of the simplified model are compared with those of 
the detailed model and the real impact test; a good correlation among these results is 
achieved. Thus, the advantages and the possibility of using the simplified model to 
replace the detailed models are confirmed. This project exemplifies how to develop a 
simplified model from detailed model used for crash simulations. The main technique in 
this work is to fully increase the element size while maintaining the accuracy of the 
results. However, some advanced techniques can still be developed in future work. 
Since the simplified computer modeling is a relatively new technique, there are 
not many articles on this issue, but current papers address two possible ways of 
simplifying a detailed model: 
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I) U sing a coarse mesh for the unimportant components and increasing the 
overall element size to simplify the detailed model 
In this method, the impact region of the vehicle model is defined as the high 
impact zone. This is extremely important in representing the global crash 
characteristics because it cannot be coarsely meshed. For the none-impact 
regions a coarse mesh is applied to reduce the overall number of elements. 
Generally, the farther the components are away from the impact regions, the 
higher the degree of accuracy with which they can be coarsely meshed. 
2) Developing new simplified elements to replace the current elements and 
developing the simplified model using the new elements 
As illustrated in Kim's article [27], the detailed model consists of 10912 shell 
elements, which requires more than 10 hours to run the crashworthiness 
analysis due to the complicated formulations of the shell elements. In the 
simplified model, which uses beam and spring elements to replace most of the 
shell elements, the computer time is significantly reduced to less than 2 hours. 
The simple formulations ofthe beam and spring elements require fewer 
calculations than the shell elements during the analysis. 
1.3 Motivation 
Simplified modeling generates a great deal of interest in the area of 
crashworthiness analysis. Researchers study the possibilities and methods of developing 
eligible simplified models, and some effective ones are developed. Examples of these 
models and the corresponding modeling methodologies are introduced and reviewed in 
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the previous section. Below, in more detail, is a model of great interest, which reveals 
the intentions of this research and provides its foundation. 
1.3.1 The Existing Simplified Vehicle Model 
H. S. Kim, S. Y. Kang, and coworkers create a simplified vehicle model and use it 
for crashworthiness analysis [27]. The results are compared with those obtained from a 
detailed model. An acceptable correlation is achieved between these results, and the 
required computing time of the simplified model is significantly reduced. In this research, 
the theories of axial and bending collapse are applied to the development of modeling 
methods. After separately calculating the spring element's F - () curve and M - 8 curve 
in relation to the axial and bending response, the researchers use nonlinear spring 
elements and beam elements to build the simplified model. The existing detailed car 
model is composed of 10912 shell elements, but in the new model, it only has 2310 
elements and 70% is modeled using nonlinear springs and beam elements. For this 
revised model, the researchers use nonlinear springs and beam elements to model the 
major parts (usually thin-walled closed section members) that absorb most of the crash 
energy. They still use shell elements to model the plate parts and the rigid parts. One 
example is the single S-shaped member. Figure 1 and Figure 2 illustrate the detailed and 
simplified models of this member, while Figure 3 plots their deformed shapes. It is clear 
that the member is modeled using shell elements for the detailed model, and the 
simplified model only uses a 2D beam element with nonlinear springs at both ends. 
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Figure 1. S-Shaped Member [27] - Isometric View 
Figure 2. Original Shapes of Detailed and Simplified Models [27] - Side Views 
Figure 3. Deformed Shapes of Detailed and Simplified Models [27] - Side Views 
In Kim's simplified vehicle model [27], the researchers remove all the 
components that do not significantly contribute to the impact load and replace them with 
lumped masses to reduce the simplified model's size. Both the detailed and simplified 
models undergo crashworthiness analysis. The computing time is 41900 seconds for the 
detailed model and 6660 seconds for the simplified model. From the comparison of 
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results, it is found that the simplified model generates only a 15% error when compared 
to the detailed model. Thus, the objective of their research is achieved. Figures 4 to 8 
display related full car models and results plots. The researchers create another 
simplified model which only uses beam elements to model those thin-walled closed 
section members. A comparison of the results shows the effects of the nonlinear spring 
elements in simulating the vehicle model's crash behavior. Their paper includes a 
comparison of the displacement, the crushing force, and the absorbed energy, which are 
most important in reflecting a structure's crash behavior. Figures 9 and 10 plot the 
comparisons of the crushing force and the absorbed energy. Table 1 displays the 
summary of the comparisons between the models. 
Figure 4. Full car model [27] 
Figure 5. Full car detailed model, before crash [27] 
Figure 6. Full car detailed model, after crash [27] 
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Figure 7. Full car simplified model, before crash [27] 


















_ .. -' Simplified model 




~ 100 ....., 
..l<: >: 80 
b!J 
I-< 





0 20 40 60 80 
--Detailed model 
Time(sec) 
- .. - . Simplified model 
Figure 10. Absorbed energy [27] 
Table 1. Comparison between Detailed and Simplified Car Models [27] 
Detailed model Simplified model Difference (%) 
Peak crushing 
780 720 -7.7 
force (kN) 
Absorbed 
113 107 -5.3 
energy (kJ) 
No. of 
10912 2310 -78.8 
elements 
Computer time 
41900 6660 -84.1 
(sec) 
1.3.2 Limitations of Current Work 
H. S. Kim, S. Y. Yang, and coworkers provide a good simplified modeling 
method, which is to use simple elements to replace the complex elements, and thereby, 
reduces the entire finite element model's size. In their vehicle model, the beam elements 
model the body ofthe thin-walled members, and the nonlinear springs model the plastic 
hinges that can correctly simulate the member's crash behavior under axial and bending 
collapse. Among them, the beam elements are extensively used in modeling, while the 
nonlinear springs are developed based from the existing collapse theories regarding the 
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thin-walled box section beams. However, in addition to the box section member, the 
channel section member is becoming increasingly more popular and is widely used in 
engineering for architectural structures, vehicles, and etc. Thus, a valid simplified crash 
model is required for such structures to perform the crashworthiness analysis effectively 
and for replacing the existing detailed model in the early design stages. Unfortunately, 
the nonlinear spring in this paper cannot be applied to the simplification of the channel 
section beam model due to the absence of related collapse theories. Therefore, to acquire 
an eligible simplified model of a structure composed of thin-walled channel section 
members, the collapse behavior of channel section member requires investigation, and 
the development of new elements to simulate the behavior is necessary. 
Kim's simplified vehicle still contains shell elements, which model the 
components that do not significantly contribute to the impact load (i.e. plate parts and 
rigid parts). The shell element parts still increase the overall model size and still require 
considerable computer resources to accomplish crashworthiness analysis. Thus, to fully 
simplify a crash model, a new modeling method is required that does not use shell 
elements to model the unimportant components. The superelement method or the 
equivalent beam method is considered for the achievement of this goal. 
In summary, the proposed research follows the direction set forth in the existing 
research and continues to develop a new element that can simulate the collapse behavior 
ofthin-walled channel section members and use it to simplify the structures that contain 
such members. Also, the superelement and the equivalent beam element are 
implemented to model the components previously modeled using shell elements. 
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Combining the existing beam element and the new element builds an improved simplified 
model. 
1.4 Research Objectives and Description 
1.4.1 Problem Description 
This research focuses on developing a simplified FE model that is useful for 
vehicle crashworthiness analysis and that can be applied in early vehicle design stages. 
Moreover, after the simplified model is created, the relevant methodology of simplified 
modeling is summarized. All the crashworthiness analyses and dynamic analyses in this 
research (unless otherwise specified) are performed using the explicit computer software 
package: LS-DYNA. LS-DYNA is an explicit code very capable of solving high-speed 
impact problems that require small time steps. Appendix A illustrates the principle of 
LS-DYNA and compares the two analysis procedures: explicit analysis (used by LS-
DYNA) and implicit analysis (used by ANSYS). 
Because of the extensive application of thin-walled channel section members in 
the automobile industry, it is necessary to develop a new element to simulate the crash 
behavior of the channel section beam in order to acquire a qualified simplified model for 
vehicle structures. Specifically, it is necessary to develop a new type of nonlinear spring 
element to model the plastic hinges of the longitudinal vehicle members, which can 
correctly express their response to axial and bending collapse during crashes. As 
introduced in earlier sections, the motivation of this research is derived from a previous 
study on simplified crash modeling [27]. In that work, the existing theories about axial 
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and bending collapse of thin-walled box section beam are applied to the development of a 
new spring element that can express the collapse behavior of plastic hinges. Then, the 
researchers continue to develop a simplified vehicle model using this spring element and 
other known elements. In that paper, due to the lack of related collapse theories, the 
researchers did not mention the simplified modeling of the channel section beam, which 
is widely used in vehicle structures including the chassis. One objective is to minimize 
this weakness. 
In defining the properties of the new spring element, the crash responses of the 
thin-walled channel section beam under different loading conditions are determined. W. 
Abramowicz [29, 31, 32, 33, 34], D. Kecman [30], and T. Wierzbicki [31,32,33,34] 
study the crash behavior of the thin-walled box section beam and derive mathematical 
equations to predict its bending and axial resistance. These equations are later referred to 
in the development of the nonlinear spring that can successfully simulate the 
corresponding plastic hinges, which appear during the crash. In the present research, 
following the published methods of derivation, the crash behavior of the channel section 
beam is studied, and the corresponding mathematical equations are derived to describe 
the bending resistance. This is necessary to define the characteristics of the new spring 
element. 
After the new spring element is developed, it is combined to the beam element to 
create the simplified model for channel section beam. Similar to the presented simplified 
model, the whole channel section beam is divided into two parts: the first suffers large 
plastic deformation and absorbs most of the crash energy, and the second undergoes a 
rigid body motion or elastic deformation [28). Thus, the beam element models the elastic 
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or rigid part, and the new developed spring element models the part that undergoes 
plastic deformation, called "plastic hinges." 
An existing detailed truck chassis FE model is involved in this research. A 
simplified model is created from it, and the same crashworthiness analysis is performed 
on both models. The results of both are compared to validate the newly developed 
simplified model. The reason for choosing this truck chassis model is because its 
longitudinal members are composed of channel section members. This enables the 
application of the newly developed spring element of this research to the simplification of 
those members. Meanwhile, the chassis is an important component within the full 
vehicle crash response, and current research reveals that approximately one-half ofthe 
vehicle's frontal collision response is attributable to the chassis collapse behavior [6]. 
As described in an earlier section, the basic idea of simplified modeling is to use 
beam elements and nonlinear spring elements to replace the current shell elements in 
modeling the longitudinal members that absorb most of the crash energy. The plate 
members of the chassis model, which are modeled using shell elements in the referenced 
simplified model, are replaced by superelements and equivalent beam elements instead of 
the original shell elements to completely reduce the overall model's size. 
Finally, the simplified chassis model is accomplished by integrating all of the 
simplified members together, and crashworthiness analyses are performed to validate this 
model. The advantages and limitations of the superelement method and the equivalent 
beam element method are discussed. Then, an effective methodology of simplified 
modeling is summarized and presented that can promote further study and can be applied 
to the building of a simplified crash model for other complicated structures. 
29 
1.4.2 Research Objectives 
As demonstrated in previous sections, the objectives of this research are summarized as 
follows: 1) to develop a new element that can correctly express the bending collapse of 
the thin-walled beam with channel section; 2) to find a way to simplify the transverse 
plate members that are modeled with shell elements even in previous simplified models; 
3) to continue to develop simplified models applying the new element and the developed 
simplified plate members, and ensure that the developed simplified model is eligible for 
the vehicle crashworthiness analysis; and 4) to present a methodology of simplified 
modeling which is applicable to the crash modeling of further structures using the present 
research. 
1.5 Preview of the Remaining Chapters 
Of the remaining chapters, chapter 2 introduces how to apply existing theories to 
the development of simplified crash models for the thin-walled beams with box section. 
Simplified models are presented for the straight beam, the "Z" shaped beam, and the "S" 
shaped beam. Chapter 3 derives the bending resistance of the thin-walled beams with 
channel sections based on current literature and applies the derived bending resistance to 
the development of a simplified model for single channel section beams to verify their 
efficiency. With all the preparation work completed, chapter 4 starts to develop the final 
simplified model for the truck chassis; the superelement method and the equivalent beam 
element method are also described in this chapter. After the completion of the modeling 
and validation, chapter 5 reviews all the modeling work and presents a common 
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simplified modeling methodology that is applicable to other engineering problems. 




SIMPLIFIED MODELING OF THIN-WALLED BOX SECTION BEAMS 
2.1 Introduction 
In this chapter, theoretical works about collapse theories of thin-walled box 
section beams are reviewed from published papers. Nonlinear spring elements, simplified 
models, and crash analyses are developed and performed to verify and illustrate the 
existing theories. Section 2.2 reviews the collapse mechanisms of straight thin-walled 
beams and introduces building simplified models for such beams based on their axial 
collapse mechanisms. Because of its straight outline, the nonlinear spring element used 
for such simplified models only reflects the axial crushing behavior. The purpose of 
section 2.3 is to delineate how to create simplified models for curved beams with a "z" 
shape, which are commonly used in many different vehicle structures. Classic theories 
about the crash behavior of curved beams are reviewed and applied. The nonlinear 
spring element is used in the resulting simplified models to simulate the bending and 
rotating behaviors. Section 2.4 studies the curved beams with an "s" shape, which 
contain arc segments instead of only straight segments. The modeling method and the 
nonlinear spring element presented in section 2.3 are applied to create the simplified 
model for the "s" shaped beams. A series of simplified models dependent upon the 
varying amounts and locations of the nonlinear spring elements are created to find the 
best way to represent the crash behavior of the arc segments. In each section, detailed 
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models for the box section beams are presented first. Next, similar crash analyses are 
performed on both the simplified and the detailed models via computer simulation. The 
efficiency of the simplified models is then velified by comparing the results. 
2.2 Simplified Modeling of Straight Beams 
In this section, a detailed model for a straight thin-walled beam with a square 
cross section is created using shell elements. Then, a simplified model is developed 
based on the detailed model composed only of beam and nonlinear spring elements. The 
same crash analysis is performed on both models. A good correlation is obtained when 
they are compared using the crash results. Afler that, a similar process is repeated for the 
straight thin-walled beam with a rectangular cross section to verify the validity of the 
modeling method for different kinds of box sections. Wierzbicki and Abramowicz's 
theories [31, 32] about the thin-walled column that is subjected to axial loading are 
applied in determining the characteristics of the nonlinear spring elements. Their classic 
collapse mechanism of the thin-walled column is also referenced during the simplified 
modeling. 
2.2.1 Detailed Model 
The detailed model for the thin-walled straight beam with a square cross section 
used in a crashworthiness analysis is shown in Figure 11. The detailed model uses the 
full integration shell element: 4-node Belytschko-Tsay shell element with 5 integration 
points through the thickness. This shell element is based on a combined co-rotational and 
velocity-strain formulation. Because of its computational efficiency, it is usually the 
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shell element formulation of choice and has become the default shell element formulation 
of LS-DYNA (for more details, see [35]). 
As shown in the figure, during the crash analysis, the beam model is fully 
constrained at one end. The initial velocity is applied on the other end to make the model 
move along the Z direction. Table 2 lists all the related conditions and information about 
the thin-walled straight beam. After analysis, the dynamic results are documented and 
compared with those from the simplified model. These are presented in the latter section. 
Table 2. Thin-Walled Straight Beam Input Data 
Material Properties 
Young's modulus (E) 2.07E5MPa 
Density (p) 7830kg/m3 
Yield Stress (0" y) 200MPa 
Ultimate Stress( 0",,) 448MPa 
Hardening modulus (Esn) 630MPa 
Poisson's ratio (v) 0.3 
Geometries 
Totallength(L) 300mrn 
Cross section (a,b) 60mmx 60mm 
Wall thickness(t) 1.5mm 
Crash conditions 
Added mass (m) 400kg 
Initial velocity (vo) 15m1s 




This end is fully constrained 
Figure 11. The detailed model for thin-walled straight beam with square section 
2.2.2 Collapse Mechanisms of Straight Thin-walled Beams 
The collapse mechanisms of straight thin-walled columns were thoroughly 
studied by T. Wierzbicki and W. Abramowicz [31, 32, 33]. In these papers, it is assumed 
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that the crumpling process of a rectangular tube is progressive with each new fold being 
formed after the previous one is completed. This phenomenon is also verified by the 
computer simulation. Figure 12 displays the configuration of the square beam at different 
times during the crash-clearly reflecting the progressive crushing process of the model. 
The figure demonstrates that during the crash the detailed beam model buckled and 
generated the first fold at about 3msec:. Then the entire fold moved down together with 
the second and third folds occurring sequentially. The nodes at the middle of each fold 
are traced for later comparison with the corresponding nodes in the simplified model 
(where the spring elements are defined). Those nodes are indicated in Figure 12 as nodes 
1,2, and 3. 
2 
Oms 3ms 6ms 8rns I Oms 
Figure 12. Configurations of a Detailed Straight Square Beam Model in a Series of Time 
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2.2.3 Nonlinear Spring Characteristics 
As illustrated in section 2.2.2, the buckling of the thin-walled box section beam 
model during the crash is realized through the generation of the consecutive folds, which 
have a "spring-like" characteristic. Therefore, it is possible to have several nonlinear 
spring elements simulate the beam's axial collapse mechanisms in the simplified model. 
The force-shortening characteristics of the nonlinear spring elements have been published 
in previous papers [31, 32]. According to those papers, the length of the half plastic fold 
that was generated during the beam crushing, H (as shown in Figure 13), and the mean 
crushing force Pm can be calculated as 
H = O.98VtC 2 2-1 
2-2 
Figure 13. Length of half plastic fold, H 
Also, from [31, 32], the 0"0 is the material's energy equivalent flow stress which can be 
estimated based on the material's ultimate stress O"u using the formula 
0" 0 = O.920"1l 2-3 
t is the thickness of the thin-walled beam. C is the average edge length of the cross 






Applying equations 2-1 through 2-4 and substituting the material properties given 
in section 2.2.1, the calculated length of one plastic fold is 2H = 34.4mm, and the mean 
crushing force is Pm = 30.3kN. 
The nonlinear spring element for the straight beam can be entirely determined 
from the mean crushing force and the length of the plastic fold. In the referenced paper, 
the authors defined the F - 0 curve starting directly at (0, Pm) and continuing as a 
horizontal line as shown in figurel4. As a nonlinear spring, it should have an initial 
portion to define its displacement when the applied force is increased from 0 to Pm' where 
the Pm is 30.3KN. To solve this problem, an initial linear portion is added onto the current 
F - 0 curve. Because the nonlinear spring has a high stiffness before the force reaches 
30.3KN, the linear part needs a high slope. Thus, one more point (0.01,30.3) is added to 
redefine the modified F - 0 curve. The new F - 0 curve first increases from (0, 0) to 
(0.01,30.3). Then, it becomes the horizontal line (as shown in Figure 15). As the initial 
linear portion of the nonlinear spring element is not discussed in those published 
literatures, an assumed initial straight line is applied here. In later chapters, the 
determination of the initial F - 0 is further presented and discussed. 
With this property, the spring begins to deform when the crushing force reaches 
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Figure15. Initial portion of modified F - (5 curve 
2.2.4 Development of Simplified Model 
After determining the charactelistics of the nonlinear spring element, the 
simplified crash model for the straight beam can be created. With the given geometry 
information, a pure beam-element model is cn:ated using the Hughes-Liu beam elements; 
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appropriate cross section information is also specified for the beam. Similar to the 
Belytschko-Tsay shell element, the Hughes-Liu beam element is selected as the default 
beam element of LS-DYNA because of its computational efficiency and robustness. 
Moreover, this beam element includes transverse shear strains. The added computations 
needed to retain this strain component are insignificant compared to those for the 
assumption of no transverse shear strain (for more details, see [35]). 
To determine the arrangements of the nonlinear spring elements, refer to the 
approximate collapse model shown in Figure 12. Accordingly, the spring elements are 
arranged evenly along the beam with each element being defined between two coincident 
nodes. Each pair of nodes is spaced at a distance of 34.5mm, which is the length of one 
plastic fold. Thus, the 300mm-Iong b{~am is divided into 9 equal segments of 34.5mm 
each starting from the clamped end. Additionally, the LS-DYNA allows user to define a 
nonlinear spring by inputting a displacement - force table. For example, the nonlinear 
spring element used here can be defim~d by typing (0,0), (0.01, 30.3), and (34.4, 30.3). 
To ensure that the simplified model only deforms along its length, suitable boundary 
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Figure 16. Simplified model fi)f thin-walled straight beam with square section 
2.2.5 Dynamic Results and Comparisons 
After the completion of the modeling, the simplified model undergoes the same 
crash analyses that have been performed on the detailed model. The dynamic results 
from both models are compared. Table 3 and Figures 17 through 19 display all the 
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Figure 19. Absorbed energies for straight square section beam models 
Table 3. Comparisons of Dynamic Results from Detailed and Simplified Straight Square 
Section Beam Models 
Detailed model Simplified model Difference (%) 
Global 
145.5 146.6 0.8 
displacement (mm) 
Peak crushing 
82.6 70.5 -14.6 
force (kN) 
Absorbed 
4.83 4.37 -9.5 
energy (kJ) 
Computer 
3544 193 -94.6 
time (sec) 
Upon examination of the results, it is fc)und that the simplified model can generate 
good results while saving much more compute:r time (it only took about 5% of the 
computer time required by the detailed models. Table 3 shows that the errors of all the 
important crash results are within 15%. The crushing force is below 15%; the final 
deformation is almost the same as the amount obtained from the detailed model. The 
error of the absorbed energy is under 10%. 
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Simple calculations can test the validity of the computer results. For example, if 
this straight thin-walled beam is assumed to be linearly elastic, then its stiffuess 
. K EA 2.07xl05 X [60
2 
-(60-2x1.5Y] 242 105(N"/ ) Th C d IS = - = ::::; . x mm. erelore, un er 
L 300 
the applied load 82.6KN, which is obtained by running analyses on the detailed model, 
the static displacement can be calculated as Sstatic = F = 82.6 x 10: = 0.34(mm). In 
K 2.42x10 
comparing the crash results, it is found that the Sstatic is far small than the yielded 
displacement. This verifies that during the crash analysis, the thin-walled beam did 
buckle instead of deforming statically. On another hand, under the extemalload 82.6KN, 
h 1 · F 82.6 X 10
3 
(). C d b t e resu tant statIC stress (J'static = - = ( )2 = 235 Mpa IS lOUn to e 
A 60 2 - 60 - 2 x 1.5 
higher than the material's yield stress while still below the ultimate stress. This static 
stress value indicates that during the analysis, the thin-walled beam experienced plastic 
deformation, but did not fail. Also, the same conclusions can be drawn from the crash 
results of the simplified model. Thus, through the simple estimations, the crash analysis 
results are assumed to be reasonable for a buckling beam model. 
Additionally, to investigate how the nonlinear spring elements worked in the 
simplified model, the nodes defining the first three spring elements are studied and 
compared with the previous nodes indicated in Figure 12. It demonstrates how the 
nonlinear springs simulated the behavior of the folds. Figure 20 lists the series of the 
deformed simplified model on which the three spring nodes are indicated. Figures 21 
through 23 plot the displacements at the specified nodes for both the detailed and the 
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simplified models. The numerical values of the displacements at different times are listed 
in tables 4 through 6. 
3 
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Figure 21. Displacements at node1 
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Table 4. Comparison of Displacements at Nodel 
Detailed model Simplified model Difference (%) 
Displacement at 
1.45 1.76 21.4 
time 3ms (mm) 
Displacement at 
4.70 1.76 -62.6 
time 6ms (mm) 
Displacement at 
5.28 1.76 -66.7 
time 8ms (mm) 
Displacement at 
5.47 1.77 -67.6 
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Figure22. Displacements at node2 
Table 5. Comparison of Displacements at Node2 
Detailed model Simplified model Difference (%) 
Displacement at 
20.1 11.8 -41.3 
time 3ms (mm) 
Displacement at 
30.3 21.8 -28.1 
time 6ms (mm) 
Displacement at 
31.4 28.4 -9.6 
time 8ms (mm) 
Displacement at 
3l.7 35.1 10.7 
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Figure23. Displacements at node3 
Table 6. Comparison of Displacements at Node3 
Detailed model Simplified model Difference (%) 
Displacement at 
38.3 18.5 -51.7 
time 3ms (mm) 
Displacement at 
53.1 35.2 -33.7 
time 6ms (mm) 
Displacement at 
54.0 46.4 -14.1 
time 8ms (mm) 
Displacement at 
54.3 57.5 5.9 
time 10ms (mm) 
The above tables and Figures show that the corresponding nodes 1, 2, and 3 in the 
different models experienced different displacement histories during the crash analysis. 
Also, from the results of the comparisons, it can be found that except for nodel, nodes 2 
and 3 of both models reached similar final displacements at the end of the analysis. 
Considering the good correlation between both models' end displacements, it can be 
concluded that in the simplified model, even though an individual spring can not truly 
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reflect the crash behavior of the plastic folds, the entire model can correctly simulate the 
detailed beam model's crash process with the help from the developed nonlinear springs. 
2.2.6 Application of the Simplified Modeling Method 
In last section, the simplified model was created for a straight square section beam. 
The same modeling method should be applied to modeling more straight box section 
beams with different geometries. In this section, a detailed model for a straight thin-
walled beam with a rectangular section is presented, and a simplified model is then 
created following the same steps validating the presented modeling method. In the 
rectangular section beam model, all the conditions and geometries are exactly the same as 
the earlier square section beam modeL, except that its cross section is 40mmx 60mm. 
With all the given parameters, the mean crushing force Pm and the length of one plastic 
fold 2H can be calculated as 28.5KN and 30.6mm respectively using equations 2-1 
through 2-4. Then, the characteristics of the nonlinear spring element can be determined 
as well as the arrangements of the spring elements in the new simplified model. Similar 
to the earlier model, the new simplified model is composed of 100 beam elements and the 
9 spring elements that were just determined. Both the detailed and the simplified models 
are analyzed by the same crash analyses described in previous sections. The dynamic 
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Figure 28. Absorbed energies for straight rectangular section beam models 
Table 7. Comparison of Dynamie Results from Detailed and Simplified Straight 
Rectangular Section Beam Models 
Detailed model Simplified model Difference (%) 
Global 
147.3 147.1 -0.1 
displacement (mm) 
Peak crushing 
68.8 59.4 -13.7 
force (kN) 
Absorbed 
3.54 3.97 12.1 
energy (kJ) 
Computer 
3453 173 -95 
time (sec) 
From the above Figures and table, similar results can be obtained as that of the 
straight thin-walled rectangular beam. The enors between the crash results of the 
simplified and the detailed models are within 15%. The simplified model only took 
about 5% of the computer time required by the detailed models. 
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2.2.7 Conclusions 
From the analyses and comparisons, it is shown that the simplified models created 
in this section can be efficiently used for crash analysis while saving a large amount of 
computer time. Therefore, a valid method to develop the simplifiled model for straight 
thin-walled box section beams, which are subjected to axial loading during the crashes, 
can be summarized by the following steps: 
• Apply existing equations to detemline the mean crushing force Pm and the length of 
one plastic fold 2H 
• Based on these results, define the force-deflection characteristic of the nonlinear 
spring element, as shown in figure19 
• Divide the entire beam into a certain number of segments with equal length 2H ; 
• Use the beam element with the COITect cross section information to model those 
segments. Then use the defined spring element to connect those segments with the 
remaining part. 
2.3 Simplified Modeling of"Z" Shaped Beams 
In this section, simplified models for thin-walled curved beams are developed by 
applying some of the existing collapse: theories. Unlike the straig,ht beam, the thin-walled 
curved beam experiences more bending and rotation during the crash instead of crushing 
axially. T. Wierzbicki and W. Abramowicz's theories [34, 35] about the thin-walled 
beam subjected to its bending moment are applied to creating the simplified models. 
Their theories about the collapse mechanisms of the curved beam are also referenced. 
Similar to the previous studies, simplified modeling begins with a detailed model for a 
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simple "Z" shaped beam, which is composed of three straight segments and has square 
cross section. 
2.3.1 Detailed Model 
Figure 29 shows the detailed model of the thin-walled "Z" shaped beam with a 
square cross section, which is used for crash analysis. All the related conditions and 
information are listed and shown below. The dynamic results will be recorded and 
compared with those from the simplified model, which will be presented in later sections. 





Figure 29. Detailed model for thin-walled "Z" shaped beam with square section 
Also, as shown in this figure, during the crash analysis, thc bcam model is fully 
constrained at its frontal end. The initial velocity is applied on the other end to make the 
model move along the X direction. All the related conditions and information about this 
thin-walled "Z" shaped beam are listed in table 8. The important dynamic results are 
documented and compared with those from the simplified model after the analysis, which 
will be presented in a later section. 
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Table S. Thin-Walled "Z" Shaped Beam Input Data 
Material Properties 
Young's modulus (E) 2.07E5MPa 
Density (p) 7S30kglm3 
Yield Stress (ay) 200MPa 
Ultimate Stress( o',J 44SMPa 
Hardening modulus (Esn) 630MPa 
Poisson's ratio (v) 0.3 
Geometries 
Total length (L) IOS4mm 
Cross section (a,b) SOmmxSOmm 
Wall thickness(t) 1.6mm 
Crash conditions 
Added mass (m) 640kg 
Initial velocity(vo) 15m/s 
Crash time (t c) O.Olsec 
330mm , .. 
--330mm---1IIM 
Figure 30. Geometries of detailed thin-walled "Z" shaped beam model 
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2.3.2 Collapse Mechanisms of"Z" Shaped Thin-walled Beams 
Due to its curved shape, the crash of the "Z" shaped beam will generate a bending 
moment in addition to the axial crushing force. The effect of the bending moment is the 
rotation of each segment of the beam around its local plastic hinge. One published paper 
[36] concluded that during the crash of the thin-walled "Z" shaped beams, the collapse or 
large shape distortion of the beams is localized over relatively narrow zones while the 
remainder of the structure undergoes rotations around the local plastic hinges. This 
phenomenon is verified by the results of the computer simulation. Figure 31 plots the 
deformed shape at 50msec, and Figures 30 and 32 compare the dimensions of the original 
and the deformed models. 
Figures 31 and 32 reveal that during the crash analysis, all the segments of the 
"Z" shaped beam rotated around the local plastic hinges and that the axial deformations 
mainly concentrate on these plastic hinges. When comparing Figures 30 and 32 at time 
50msec, the axial deformations along each segment equal 330 - 323.3 = 6.7mm, 490-
472.7 = 17.3mm, and 330 - 326.4 = 3.6mm. The global displacement caused by rotations 
are calculated from the geometrical relationships as [330 + 490cos (30°) + 330] -
[323.3cos (4.2°) - 472.7cos (4.2° + 50.1°) + 326.4cos (4.2° + 50.1 ° - 30.7°)] = 735.4mm. 
The results indicate that the displacements caused by the axial deformations are very 
small compared to those caused by rotations. The global displacement 735.4mm is 
estimated from the approximate deformed geometries ofthe "Z" model. In later sections, 
this value will be validated through comparison with the computer results. 
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Figure 31. Defonned shape of detailed thin-walled "z" shaped beam model, t = 50rnsec 
Figure 32. Geometries of defonned detailed "Z" shaped beam model, t = 50msec 
2.3.3 Nonlinear Spring Characteristics 
According to Figures 30 through 32, the "Z" shaped beam can be decomposed 
into three straight segments, which are connected by three plastic hinges (as shown in 
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Figure 33). Also, as demonstrated earlier, it can be assumed that during the crash, the 
three straight segments only rotate about the local plastic hinges. Thus, the key problem 
of the simplified modeling becomes how to correctly represent the plastic hinge's 
behavior during the entire crash process. 
As discussed in a previous article [29], during the crash, the plastic hinge works 
as a nonlinear rotational spring. Its general M(8) - 8 characteristic has also been 
developed in the same paper. M(8) is the bending moment that was applied on the spring, 




Figure 33. Three plastic hinges of"Z" shaped beam 
y 
Nonlinear spting 
Figure 34. Rotation angle of nonlinear spring 
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From the published conclusions ([29]), the bending resistance of the rotational 
spring is defined using following formulae: 
M(B) = (A -1)[6 + cosa(( . ;~ + 2¢ + 26.2J] + 2A(I + sin a )+ 2 2-5 
Moa 2-sma) I-sma 
where 
is a fully plastic moment per unit length of the section wall, and 










a is the width of the cross section (web) and the b is the depth of the cross section ( flange). 
Equation 2-5 shows that the moment ratio M(B) is a function of A, and Figure 35 
Moa 
plots different M(B) curves with respect to A ,= 0.5, 1, and 1.5. The value of 
Moa 
M(B). 1 . 
--mcreases as I\, mcreases. 
Moa 
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Figure 35. M(B) vs. 8 for various A., box section beam 
Moa 
0.8 
Nevertheless, the above equations cannot correctly predict the M(8) - 8 
0.9 
relationship for very small 8, and from equation 2-5 and 2-7 it is inferred that the M(8) 
tends toward infinity as 8 approaches zero. Thus, another equation is required to describe 
the M(8) -- 8 relationship when 8 approaches zero. Previous literature [30] and [34] 
discusses this problem. In those articles, the moment M(8) under very small 8 is 
described as linearly increasing from zero to its fully plastic moment Mp (2-11), and then 
decreasing to follow the relationship defined by equation 2-5. Thus, the entire M(8) - 8 
relationship is composed of two parts: the linear relationship where the moment increases 
from 0 to Mp and the relationship defined by equation 2-5 for the increasing 8. 
According to reference [30], the fully plastic moment of a rectangular section Mp is: 
2-11 
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On the other hand, the assumption that the plastic hinge can work as a nonlinear 
spring is only valid before the plastic hinge jams, so it is necessary to determine the angle 
of jamming aJ for this assumption. D. Kecman [30] illustrated that the jamming 
happened when the two buckled halves of the compression flange contact each other. The 
appropriate angle of jamming is 
() 2 . (h-O.5f) J:= arCSIn b 2-12 
where h = min {a / 2, b / 2} and f is the wall thickness. 
After substituting all the given parameters into above equations, the Mp and the 
related ap are then calculated in addition to the jamming angle aJ• Therefore, the spring's 
moment-rotation characteristics are entirely displayed by an M(a) - a plot, which is 
composed of a straight line for the initial a and a curve defined by equation 2-5 (as 
shown in Figure 36). 
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Figure 36. M(a) - 8 curve of nonlinear spring element for "Z" shaped box section beam 
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2.3.4 Development of Simplified Model 
To develop the simplified model for the "Z" shaped beam, the entire beam is 
assumed to be composed of three straight beam segments which are connected by three 
plastic hinges. Then in the simplified model, the straight beam segments are modeled 
using the Hughes - Liu beam elements with the appropriate cross sectional information. 
The nonlinear rotational spring elements developed in 2.3.3 are used for modeling the 
local plastic hinges. Similarly, a rotational angle - moment table is created in LS-DYNA 
to generate the nonlinear rotational spring element. As shown in Figure 36, (0, 0) and 
(0.065,3892) are input to describe the linear portion ofthe spring's bending resistance. 
Next, a series of moment M(8) is calculated using Microsoft Excel in terms of varying 8 
from 0.065radian to 1.02radian with an equal spacing of 0.05radian. Then, these angles 
and moments are entered into the table to completely define the nonlinear spring element. 
This method is used to create the other rotational nonlinear spring elements involved in 
this project. Figure37 shows the mod~d in which each straight segment is modeled using 
32 beam elements. The effects of the mesh density are studied later. 







Figure 37. Simplified model for thin-walled "Z" shaped box section beam 
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In deciding the simplified model's boundary conditions, the boundary conditions 
of the previous detailed model are ref(~renced. In the simplified model, the impact-end 
node of the "Z" beam is fully constrained by fixing all of its six degrees of freedom. 
Only the translational degree of freedom along the length is set free for the rear end node, 
where the initial velocity is imposed. Additionally, since the "Z" beam is defined along a 
2D plane, certain constraints are applied on all its nodes to prevent out-of-plane motion. 
Meanwhile, the coincident nodes where the spring elements are defined are set to move 
together during the crash to ensure COlTect connectivity. 
2.3.5 Dynamic Results and Comparisons 
After finishing the modeling, both the detailed and the simplified models are used 
in the crash analysis. Their results are compared to each other to determine the 
cOlTelations. To thoroughly investigate the motion of the "Z" shaped beam and to verify 
the efficiency of the simplified modeL, the deformations at hinge 1 and 2 are compared in 
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Figure 42. Absorbed energie:s for "Z" shaped box section beam models 
Table 9. Comparison of Dynamic Results from Detailed and Simplified "Z" Shaped 
Square Section Beam Models 
Detailed model Simplified model Difference (%) 
Displacement at 
444 482 8.6 
hinge1 (mm) 
Displacement at 
1318 1379 4.6 
hinge2 (mm) 
Global 
1429 1464 2.4 
displacement (mm) 
Peak crushing 
17.6 IS.7 6.3 
force (kN) 
Absorbed 
11.9 12.4 4.2 
energy (kJ) 
Computer 
4277 358 -91.6 
time (sec) 
From comparison of the results, it is shown that the developed simplified "Z" 
shaped model is qualified for replacing the detailed model to be used for crash analyses. 
Table 9 shows that the dynamic results yielded from the 32-element simplified model 
correlated to those from the detailed model very well. All the en-ors are below 10%, and 
the simplified model only takes about 8% of the computer time of the detailed model. 
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From the output of the global displacements, it is found that the detailed model's global 
displacement at time 50msec is 733. 7mm, which correlates very well to 735.4mm, the 
value previously estimated from Figure 32. Also, in comparing the displacements at 
hinges 1 and 2, it is seen that both the simplified and the detailed model simulated the 
crash behavior of the plastic hinges similarly. 
2.3.6 Effects of Mesh Density 
In the developed simplified model, each straight segment is meshed by 32 beam 
elements. Since this mesh is fine enough to accurately simulate the crash behavior of the 
detailed model, is it possible to use less beam elements to further simplify this model and 
still yield good dynamic results? How would the dynamic results be if different numbers 
of beam elements were used? To answer these questions, the segments of the simplified 
"Z" shaped model are re-meshed by 16, 8, 4, 2, and 1 element to obtain a series of 
simplified models with different numbers of beam elements. These models are used in 
the same crash analyses, and the dynamic results are compared to investigate the effects 
of the mesh density on the model's crash response. TablelO lists the results of the 
comparisons, and all the resulting plots are listed in appendix B. 
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Table 10. Comparison of Dynamic Results from Simplified "Z" Shaped Beam Models 
with Different Numbers of Elements 
# of elements for Detailed 
1 2 4 8 16 32 
each segment model 
Displacement at hingel (mm) 
444 516 504 505 510 502 482 
Difference (%) 16.2 l3.5 l3.7 14.9 13.1 8.9 
Displacement at hinge2 (mm) 
1318 1344 1404 1408 1415 1404 1379 
Difference (%) 2.0 6.5 6.8 7.4 6.5 4.6 
Global displacement (mm) 
1429 1473 1460 1465 1462 1468 1464 
Difference (%) 3.1 2.2 2.5 2.3 2.7 2.4 
Peak force (kN) 17.6 27.1 26.7 26.4 23.3 22.2 20.1 
Difference (%) 54.0 51.7 50.0 32.4 26.1 14.2 
Absorbed energy (kJ) 
11.9 16.6 9.7 9.7 9.4 10.3 12.4 
Difference (%) 39.5 -18.5 -18.5 -21.0 -13.4 4.2 
Computer time (sec) 
4277 7 8 14 34 104 358 
Difference (%) -99.9 -99.8 -99.7 -99.2 -97.6 -91.6 
From Table 10 it is concluded that the mesh density obviously affects the peak 
crushing force value and the absorbed energy. As shown in this table, the finer the model 
is meshed, the lower error is and the more computer time it takes. The 32-element model 
is an appropriate choice that uses the least number of elements to give qualified errors 
«15%) and that is fine enough to avoid a significant element-size effect. 
2.3.7 Conclusions 
In the end of this section, the simplified modeling method for the "Z" shaped thin-
walled beams with box sections is described. Briefly, it is to use beam elements to 
construct the body of the beam and to use nonlinear rotational springs to model the 
plastic hinges that connect the elements together. Those plastic hinges are located at the 
intersections of the straight beam segnlents. In determining the bending resistance of the 
68 
nonlinear rotational springs, the full plastic moment Mp and the angle of jamming 8J are 
decided first. Then, the previously published equations 2-5 through 2-10 are applied to 
create the M(8) - 8 curve which starts from (8p, Mp) and ends at (8J, M(8J)). Also, the 
moment - angle relationship between (0, 0) and (8p, Mp) is assumed to be linear. 
Therefore, an entire M(8) - 8 curve is created, and the spring's deflection limit is defined 
as 8J• 
2.4 Simplified Modeling of"S" Shaped Beams 
In the previous section, simplified models are created for straight and "Z" shaped 
beams, which only have straight segments. In this part, an "S" shaped thin-walled beam 
is used for developing a corresponding simplified model, which contains arc segments as 
well as straight segments. During the modeling process, the simplified modeling method 
developed in section 2.3 is applied. Several simplified models are created to find the best 
way to represent the crash behavior of the arc segments. 
2.4.1 Detailed Model 
The "S" shaped model is derived from P. Drazetic's paper [24]; Figure 43 shows 
its geometries, and Figure 44 presents the detailed model. All the other information and 

















Figure 43. Geometries of detailed thin-walled "S" shaped beam model 







Figure 44. Detailed model for thin-walled "S" shaped beam with rectangular section 
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Table 11. Thin-Walled "S" Shaped Beam Input Data 
Material Properties 
Young's modulus (E) 2.07E5MPa 
Density (p) 7902.4kg/m3 
Yield Stress (O'y) 248.3MPa 
Ultimate Stress( a'lI) 448MPa 
Hardening modulus (Esn) 0 
Poisson's ratio (v) 0.3 
Geometries 
Total length (L) 878.84mm 
Cross section (a,b) 76.2mmx50.8mm 
Wall thickness (t) 3.175mm 
Crash conditions 
Added mass (m) 965kg 
Initial velocity(vo) 4.5m/s 
Crash time (t J 0.007sec 
2.4.2 Development of the Simplified Model 
In developing the simplitied model for the "S" shaped beam model, the modeling 
method presented in section 2.3 is used. Equations 2-5 through 2-12 are applied to 
calculate the bending resistance of the equivalent rotational spring. Since this model has 
a rectangular cross section, the cross sectional width, a, and its depth, b , have to be 
correctly distinguished, which set to 76.2mm and 50.8mm respectively. Performing the 
calculations, Mp is found to be 3639 (N . m), and the 8] and M(8]) are calculated as 
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Figure 45. M(8) - 8 curve of nonlinear spling element for "S" shaped box section beam 
Another problem in simplifying the "S" shaped mode is how to determine the 
locations of the nonlinear springs. In the "Z" shaped model, the springs can be easily set 
at the intersections of two neighboring segments and at the impact end, while for the "S" 
shaped model, it is hard to predict the spring's locations because of the arc segment. To 
remove this problem, the arc segments are equally divided into several parts, and the 
nonlinear spring elements will be used to connect them together. Three simplified 
models are created by applying this method. Depending on the number of the bodies the 
entire model is divided into and the number of spring elements that are used, these three 
models are called: 3-beams-3-springs model, 6-beams-6-springs model, and 8-beams-8-
springs model, as shown in Figures 46 through 48. 
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Figure 46. 3-beams-3-springs "S" shaped model 
Figure 47. 6-beams-6-springs "S" shaped model 
Figure 48. 8-Beams-8-Springs "S" Shaped Model 
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2.4.3 Dynamic Results and Comparisons 
After finishing the simplified models, the same crash analysis is performed on 
these simplified models as well as the detailed model. Figures 49 through 51 display the 
forces, displacements, and absorbed energies from the 8-beams-8-springs model and the 
detailed model. The results from the other two simplified models are also presented in 
appendix C. Figures 52 through 55 plot the deformed geometries of these models. Table 
12 lists all the values and the results of comparisons. 
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Figure 50. Crushing forces for "S" shaped beam models with rectangular section 
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Figure 51. Absorbed energies for "S" shaped beam models with rectangular section 
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Figure 52. Deformed shape of detailt:d thin-walled "S" shaped beam model, t = 70msec 
Figure 53. Deformed shape of3-beams-3-springs "S" shaped model, t = 70msec 
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Figure 54. Deformed shape of 6-beams-6-springs "S" shaped model, t = 70msec 
Figure 55. Deformed Shape of 8-Beams-8-Springs "S" Shaped Model, t = 70msec 
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Table 12. Comparison of Dynamic Results from Simplified "S" Shaped Beam Models 
with Different Numbers of Spring Elements and Detailed Model 
Models 
DE:tailed 3beams 6beams 8beams 
model 3 springs 6springs 8 springs 
Global displacement (mm) 
277 267 267 271 
Difference (%) -3.6 -3.6 -2.2 
Peak force (kN) 
43.0 58.0 57.9 48.6 
Difference (%) 34.9 34.7 13.0 
Absorbed energy (kJ) 
3.27 3.76 3.59 3.27 
Difference (%) 15.0 8.6 0 
Computer time (sec) 
1589 223 199 233 
Difference (%) -86 -87.5 -85.4 
From Table 12, it is found that the 8-beams-8-springs simplified model and the 
detailed model show the best correlation in representing the "S" shaped beam's crash 
behavior; all the errors are below 15%. When compared among the simplified models, it 
is found that the 8-beams-8-springs model is much better than the other two models in 
simulating the crash behavior of the detailed model. One possible reason is by 
comparing Figures 45 through 47. From the figures, it can be inferred that since the 3-
beams-3-springs and 6-beams-6-springs model divide one arc segment into two parts; 
then, each arc segment rotates around its midpoint, and only the spring elements at those 
midpoints work during the crash. The 8-beams-8-springs model divides one arc segment 
into three parts; thus, two of the spring elements along the arc segment will operate 
during crash analysis. This phenomenon also verifies that in the "S" shaped model, most 
of the bending collapse appears in the arc segments. In simplified modeling, the more 
bodies into which the arc segment is divided, the better the results the simplified model 
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can provide. Table 12 shows that the models with more beams and more springs do not 
take more computer time, but only require more labor during the modeling stages. 
2.4.4 Conclusions 
As described in earlier sections, the results of the comparisons verify that the 
developed simplified model can simulate the crash behavior of the "S" shaped beam very 
well. Similar to the simplified "Z" shaped model, in creating the simplified model for the 
"S" shaped beam, the rotational spring's characteristics need to be decided first. Then the 
beam elements are used to form the body and to simulate the behavior of the plastic 
hinges. The only difference in the simplified "S" shaped model is brought by the arc 
segments. During modeling, the arc segments of the "S" shaped model must be divided 
into several parts (at least three). Also, the number of rotational spring elements are 
arranged to connect those parts together to correctly simulate the bending behavior of the 
arc segments during the crash. In contrast, the "Z" shaped model is easier because the 
springs can be defined at the "comer nodes". 
2.5 Conclusions 
In this chapter, the crash behaviors of thin-walled box section beams are 
investigated, including the straight beam, the "Z" shaped beam, and the "S" shaped beam. 
Based on current collapse theories, the simplified models for such beams are developed. 
Respective modeling methods are also summarized and presented. In these simplified 
models, beam elements and nonlinear spring elements are used to simplify the existing 
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detailed models by replacing the shell elements. The validity of these simplified models 
is verified via a series of crash analyses and comparisons. 
As an extensional work, the next chapter discusses the thin-walled beams with 
channel section ("e" cross section) and develops the simplified models for such beams. 
Similarly, these simplified models use beam elements and nonlinear spring elements. 
The next chapter begins with the derivation of the bending resistance of the channel 
section beam based on current theories about the box section beams. 
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CHAPTER III 
DERIVATION OF THE BENDfNG RESISTANCE OF THE THIN-WALLED 
CHANNEL SECTION BEAM 
3.1 Introduction 
In chapter 2, the simplified crash models for the thin-walled box section beam are 
created. In this chapter, the thin-walled beam with channel cross section is studied, and a 
reliable simplified model is developed. Unlike the box section beam, there is a very 
limited amount of literature about the bending resistance of the channel section beam. 
Therefore, this chapter initially derives the mathematic equations necessary to accurately 
predict the bending behavior of the channel section beam. Then, as in chapter 2, the 
derived bending resistance of the channel section beam is used to define new spring 
elements. The same simplified modeling method illustrated in chapter 2 is then applied 
to the development of the simplified model for the channel section beam. Three 
simplified models are developed with respect to three channel section beams whose cross 
sections have different geometries. These simplified models are then used in crash 
analyses. The dynamic results are compared with those from the corresponding detailed 
models to validate the developed nonlinear spring elements and the derived bending 
resistance. The effects of the mesh density are studied in evaluating the simplified 
models. The developed nonlinear spring elements are presented and evaluated. 
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3.2 Background 
The relationship between the applied moment and the rotation angle of the thin-
walled beam arouses a lot of interest. Previous researchers have developed various 
mathematical equations to describe or predict the relationship. These equations are very 
helpful for understanding the crash behavior of the bending thin-walled beams. As 
introduced in chapter 2, these equations are used to determine the bending resistance of 
the plastic hinges, which is significant in the development the simplified crash models. 
W. Abramowicz [29, 31, 32, 33, 34], D. Kecman [30], and T. Wierzbicki [31, 32, 33, 34] 
apply different ways of deriving the mathematical equations that accurately predict the 
bending resistance of the box section beams. In some of the simplified crash models 
developed previously in the literatures [24, 27] and in chapter 2, these equations define 
the nonlinear spring elements, which s.imulate the crash behavior of the plastic hinges 
during a crash. In addition to the box section beam, the channel section beam is another 
important member widely used in engineering as part of architectural structures, vehicles, 
and etc. Nevertheless, little research concentrates on the derivation of the bending 
resistance. Thus, in this chapter, the bending behavior of the thin-walled channel section 
beam is studied, and its bending resistance is derived. 
3.3 Mathematical Derivation 
3.3.1 Kinematics of Collapse Model 
Figure 56 shows one segment of a regular channel section beam, whose width is 
a (web), depth is b (flange), and thickness ist. A hard-paper model is made for the 
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channel section beam. The beam's collapse mode is then observed from the bending 
behavior of the hard-paper model (as shown in Figure 56). Also, this collapse mode is 
viewable from a deformed computer model for such a beam after the crash analysis as 
shown in Figure 57. In this section, the theoretical prediction for the bending resistance 
of the channel section beam is derived based on this collapse mode. 
Figure 56. Collapse mode of thin-walled channel section beam 
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Figure 57. Plastic bending of a computer model 
Figure 58 shows a conceptual configuration when a plastic fold is formed. A 
basic geometric relationship found from that Figure is 
8 = 2H(1- cosa) 
where 8 is the axial shortening of the plastic fold, H is its half length, and a is the 




Figure 58. Bending of channel section beams 
3.3.2 Global Equilibrium in Energy 
According to the equilibrium of the energy during the crash, the rate of the 
internal energy absorbed by the collapsed mechanism should equal the rate of work of the 
external forces. Therefore, 
E ext = E int , and Eext = Eint. 3-2 
In equation 3-2, the rate of work of the external force Eext is expressed aspg according to 
the principle of virtual velocities [55]. TheP is the instantaneous crushing force, and 
. 
g stands for the generalized relative velocity of the shortened folding mechanism. 
Applying equation 3-1 here, the E ext is re-expressed in terms of H and a , which is 
. . J (d(l- cosa ))J . da .. 
E ext =pg=~ l2H dt =2PHsma dt =2PHsmaa 3-3 
3.3.3 Total Internal Energy 
During the crash, the internal energy E int is dissipated in the beam's compressive 
. 
flange, tensile flange, and its web. Thus, the rate of the internal energy Eint is represented 
as the summation of the rate of the energy absorbed in those three energy absorbing 
. . 
mechanisms, which is E comp + E web + E ten. The E comp, E web, and E ten are derived separately. 
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3.3.3.1 Energy Dissipating through the Compressive Flange 
When comparing the bending mechanisms (Figure 59) of the channel section 
beam and the box section beam, it is found that both of the collapsed beams show similar 
bending mechanisms in their compressive flanges. Therefore, for the energy dissipated 
along the compressive flange E camp, the equations derived in [33], [34] are adjusted while 
considering the geometric differences between box and channel cross sections. It is 
applied here as 
where, E cor, E diag , E b denote rate of energy dissipation by the comer deformations, 




r is the rolling radius of the plastic folds (as shown in Figure 60), H is the half1ength of 
plastic fold, and M 0 is the fully plastic bending moment per unit width. Applying 
equation 2-6 it becomes 
3-7 
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Figure 60. Rolling radius of plastic fold 
3.3.3.2 Energy Dissipating through th(! Web 
As shown in Figures 56 and 59, during the crash, the web buckles and different 
parts buckle experiencing relative rotations around the hinge lines. The folding 
mechanism of the web is viewed as symmetric in which each half includes one center 
hinge line and one edge hinge line (as shown in Figure 56). Thus, the energy dissipating 
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across the web E web equals the limit bending moment per unit length M 0 multiplied by 
the rate of relative rotations !jI i which is multiplied by the length of hinge lines f! i • 
3-8 
The coefficient 2 reflects the symmetry of the web's folding mechanism. Figure 61 
illustrates its geometric relationships: 
Top view 
~ 
Center line Length of edge line = a I cos rp = JH2 + a" 
Edge line 
Figure 61. Bending mechanism of web 
From Figure 61, it is concluded that in the bending mechanism of the web, the 
center line, edge line, and the plastic fiDld, H compose a right triangle and follow the 
Pythagorean Theorem. Also, from the same figure, it is seen that the bending of H leads 
to the rotation of the center line. Therefore, the rate of rotation of the center line equals 
the rate of the bending of H , which is a. Furthermore, since the center line, edge line, 
and H remain in one plane during the folding, the rate ofthe rotations of the edge line and 
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of the center lines follow the same right triangle rule as their lengths. All the values of 
IfI i and £ i that are shown in equation 3-8 are listed in Table l3. 
Table 13. Rotational Rates and Corresponding Hinge Lengths in Collapse Channel 
Section Beam Model 
. 
£; I lfIi 





a I cosrp 2 al cosrp 
Still from Figure 61, the equation is 
__ 2 
~ 2 2 a a I cos rp = -V H - + a ~ cos rp = ---
H2 +a 2 
3-9 
Then, substituting this equation into 3 .. 8 and expanding it yields the formula to calculate 
theE web as 
3-10 
3.3.3.3 Energy Dissipating through the Tensile Flange 
The energy dissipating through the tensile flange E len is also calculated. From 
Figure 62, it is deduced that the E len equals the limit bending moment per unit length M 0 
multiplied by the rate of the relative rotations e multiplied by the length of hinge lines b . 
3-11 
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Figure 62. Bending along the tensile flange 
The relationship between a and the beam's rotation angle() is deducible from Figure 63. 
(;1 \ 













Figure 63. Relationship between a and() 
From Figure 62, it is inferred that 
tg(()/)= 8/2 = H(l-cosa) 
/2 a a 
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3-12 
F or small a and B , 3 -12 can be rewritten as 
3-13 
. 
Thus, E ten can be expressed in terms of a , which is 
3-14 
At last, all the three items combine to form the expression for the rate of internal 
energy dissipation E int • 
• • •• r • H2 • • • 
Eint = Ecomp + E web + E ten = 8MO -Hll (a)a+ 2MO -. -12 (a)a+ 2M oba+ 2Moaa 
t r 




The total internal energy E int is 
E. = f E dt mt 
int 
3-16 
Substitute 3-16 into 3-15 and expand it to obtain 
3-17 
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3.3.4 Mean Crushing Force Pm and Bending WavelengthH 
The folding mechanism of the thin-walled channel section beam shows that 
during bending the total crush distance of the compressive flange is 2H. Here an 
equivalent mean crushing force is applied and is defined as Pm (2H) = !H Pd8 (as shown 
in Figure 64). Then, the total external energy equal the total plastic work required to 
crush the compressive flange through the distance 2H 
E ext = fE dt = Pm . 2H 
ext 
~'h~all crushing force Pm 
~ 
Displacement 8 (mm) 
Figure 64. Mean crushing force Pm 
Substituting 3-17 and 3-18 into 3-2 obtains 
... 




From 3-20, it is found that the mean crushing force Pm is related to two unknown 
parameters: H andr. According to Martin and Hill's theory [56,57], H andr always 
lead to the minimum crushing force Pm' Thus, the values of Hand r are obtained by 






Substitute 3-20 into 3-22 and 3-23 to derive the following equations: 
From 3-25, r is solvable as 
8Pm = 0 => 2.32 _ 1.I5H = 0 
8r t r2 
H = 2.32r 2 
1.I5t 
Substitute it into 3-24 to obtain a polynomial of the fourth degree, which is 





Since equation 3-27 is a high-order polynomial and a closed-form solution cannot be 
determined from that equation, the original equation 3-20 is simplified to 







Reviewing 3-20 reveals that the term JrH contributes less to the mean crushing 
2a 
force compared to other terms. This is because the plastic bending of the thin-walled 
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JrH 
beams is always localized in a narrow zone [36]. Thus, the value of- should be very 
2a 
small compared to the other terms in that equation. Therefore, this item is removed from 
3-20 to simplify the equation. This assertion is verified later by reviewing the results of 
calculations. 
In order to eliminate another parameter, the ratio between a and b is set to be a real 
number enabling a to be expressed in terms ofb. Here, the ratio A is first assumed to be 
2 to derive the corresponding bending resistance. The influences of various ratios are 
discussed later. 
Using all of the assumptions and approximations, equation 3-20 is rewritten as 
P = M (2.32.c+ 1.15 H + 5Jrb +~) 
mOt r 2H 16 
Equation 3-24 changes to 
Substitute 3-26 into 3-29 and solve for Hand r to obtain 
2 1 






After that, substitute 3-30 and 3-31 back into equation 3-28 and derive the mean 
crushing force using 
(b)X Pm =8.27MO t +0.62MO 3-32 
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For a thin-walled beam, !!... is no less than 10, and the termO.62Mocontributes no more 
t 
than 3% to the mean crushing force. Thus, equation 3-32 is simplified to 
3-33 
3.3.5 Derivation of Approximate Moment - Rotation Characteristic 
Based on the derived mean crushing force Pm' the instantaneous crushing force is 
determined. Equations 3-2, 3-3, and 3-15 establish this: 
Similarly, in 3-34, the term H is neglected because of its small value, assuming 
a 
a = 2b gives: 
Substitute Hand r into 3-35 and compare to 3-33 to obtain: 
3-34 
3-35 
[ X J p= ~~ (4.75Il(a)+2.40I2(a)+1.76)(~) 3 + a =Pm[0.5~Il(a) + 0.2~12(a) + ~.21)+ ~oa sm a t 2 sm a sm a sm a 2 sm a 
3-36 
SubstituteIl (a) and 12 (a) into the above equation; for a small angle a , the instantaneous 
force P( a) can be simplified to 
[ 1] Mo p=p 0.58+- +-m 2a 2 3-37 
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Figure 65. Relationship between M(B) andP 
Substitute 3-13 into 3-38 and assume that a = 2b, the moment - rotation characteristic is 
obtained by 
[ 
1 iH] M a (b)l3'l 1 M(B)=a'Pm 0.58+ 2JBV--;; +~~=8.27(2b)Mo t 0.58+ 2JB 
(b)l3'[ (t)Yr: 1 ] =] 6.54bMo t 0.58 + 0.6 b Ji9 + Mob 
3-39 
3.3.6 M(8) - 8 Relationship with Different A 
In the previous section, the M(I3) - 8 relationship is developed for the ratio A = 
a / b = 2. Nevertheless, practical channel beams have different A, and the ratios usually 
vary from 1.9 to 4.43 [54]. Therefore, in this section, two other ratios, 3 and 4, are 
applied to the above equations to derive the corresponding moment - rotation 
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characteristics. This covers most of the range within which a real A varies. Moreover, the 
influences of different ratios on the channel beam's bending resistance are discussed. 
The moment - rotation characteristic for the ratios 3 and 4 are developed 
following steps similar to those used to derive the bending resistance for the ratio A = 2. 
Here, the two ratios, 3 and 4, are substituted into 3-20 and are following the same 
routines from 3-28 through 3-39. The half wavelength H , the small rolling radius rand 
the bending resistances for the two ratios are then calculable. 
Fora/ b= 3: 
3-40 
3-41 
(b)l3' P =9.26M -mOt 3-42 
(b)l3'[ (t)h 1 ] M(a) = 27.78bMo t 0.58 + 0.56 b ..Je + Mob 3-43 
For a/ b= 4: 
3-44 
1 2 
r = 1.45b 3t 3 3-45 
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Results 3-40 through 3-47 show that the bending characteristics generated from 
different A have similar forms; the ratio only affects the coefficients. To visually 
demonstrate the effects of the ratio on the bending characteristics, (~) is assumed to be 
10, and equations 3-39, 43, 47 are used to plot the M(e) - e curves with respect to ratios: 
Mob 
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Figure 66. M(e) Vs. (} for various A, channel section beam 
Mob 
3 
From Figure 66, it becomes clear that the three M(e) - e curves show similar 
Mob 
features in spite of different ratios they are associated with. Meanwhile, Figure 66 also 
shows that the higher ratio correlates to the higher moment value, which means that a 
thin-walled channel section beam's bending resistance about X-axis increases with higher 
ratios, A = % (as shown in Figure 67). 
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Figure 67. Bending resistance about X-axis 
3.3.7 Drawing the Entire M(8) - 8 Curve 
Similar to the box section beam illustrated in chapter 2, the bending moment M(8) 
of the channel section beam also increases linearly from 0 to its fully plastic bending 
moment Mp, then decreases following the curve defined by equation 3-39. Meanwhile, in 
the real crash test, the channel section beam stops bending because of jamming. 
Correspondingly, its M(8) - 8 curve stops when the rotation angle 8 reaches 8J, where the 
8J is the angle of jamming. In this section, the Mp and 8J ofthe channel cross section are 
derived respectively. 
For a channel cross section beam, when it suffers its fully plastic bending moment 
Mp, the flow stress along its cross section area is distributed as shown in Figures 68a, b, 
and c, where the (Yo is the material's yield stress. In Figure 68a, the entire cross section 
area is divided into zones I and II. From Figure 68b, the fully plastic bending moment of 
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zone I is written as: a obt(a - t), and from Figure 68c, the moment of zone II is: 










¢:} O.5(a - 2t) 
0"0 ~ O"obt 
~ 0"0 
b c 
Figure 68. Flow Stress Distribution along the Cross Section 
The angle of jamming 8) is found easily from Figure 69 to be: 
19J = 2arctg ( ~). 
Figure 69. Calculation of jamming angleBJ 
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3-48 
0.50-0 (a - 2t)t 
O.50"0(a- 2t)t 
3-49 
3.4 Application ofthe Newly Derived Bending Resistance 
Section 3.3 shows the derivation of the moment - rotation characteristics of the 
channel section beam with ratios A = 2, 3, and 4. In this section, the derived bending 
resistance is applied to the creation of simplified models for such channel section beams. 
First, the development of the simplified channel section beam with ratio A = 2 is 
thoroughly illustrated, and next, the same modeling method is applied to the creation of 
the other two simplified channel section beam models whose ratios are 3 and 4. 
3.4.1 Detailed Model 
At first, a detailed channel section beam model with a / b = 2 is created and used 
for the crashworthiness analysis. The curved channel section beam has the same outline 
as the "Z" shaped beam model chapter 2, except that it has "e" cross sections instead of 
the box cross sections. Figure 70 shows the detailed model, and Table 14 lists all its 
related conditions and information. 
J
z 
, ~ Mass nodes 
The frontal end is fully 
Figure 70. Detailed model for thin-walled "Z" shaped beam with channel section 
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Table 14 Thin-Walled Straight Beam Input Data 
Material Properties 
Young's modulus (E) 2.07E5MPa 
Density (p) 7830kg/m3 
Yield Stress (cry) 200MPa 
Ultimate Stress( a·u ) 448MPa 
Hardening modulus (Esn) 0 
Poisson's ratio (v) 0.3 
Geometries 
Totallength(L) 300mm 
Cross section (a, b) 40mm x 80rnrn 
Wall thickness(t) 1.6mm 
Crash conditions 
Added mass (m ) 330kg 
Initial velocity(vo) 15m/s 
Crash time (t J 0.006sec 
In crash analysis, the crash time is set to 6msec to avoid the occurrence of the 
undesired contact between the outside of the two adjacent segments when the model 
totally collapses. Thus, the computer results will only display the model's response 
within a short time after it impacts a rigid wall. 
After finishing the analysis, the entire crash process is animated, and the 
animation verifies that the "Z" shaped channel section beam shows similar collapse 
mechanisms as those beams with box sections. The only difference is that the channel 
section beam twists along its body, which is due to the instability of the open cross 
section. This research mainly concentrates on the global deformation, and the local 
twisting is verified later by comparing the detailed model's maximum twisting angle and 
the final rotational displacement ofthe simplified model. Figure 71 shows the deformed 
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shape of this model with local twisting while, Figure 72 displays the maximum twisting 




Figure 71. Deformed shape of detailed "Z" shaped channel section beam model 
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3.4.2 Simplified Modeling Applying the New-derived Bending Resistance 
The simplified model is then developed based on the collapse mechanisms of the 
detailed channel section beam model and the application of the derived moment -
rotation characteristic. In developing the simplified model, the modeling methodology 
summarized in chapter 2 is applied, and the characteristics of the nonlinear rotational 
spring element are determined by the derived bending resistance of the channel section 
beam. In this model, the ratio a / b = 2, so equations 3-39, 48, and 49 are used directly to 
generate the M(8) - 8 curve of the spring elements. Figure 73 shows the M(8) - 8 
relationship, where the fully plastic bending moment Mp is calculated as 3040Nm, the 
jamming angle OJ is found to be 0.91rad, and its corresponding bending moment MJ is 
491Nm. 
Furthermore, since in this model, all the parameters such as Hand r are fully 
determined, it is possible to use equation 3-20 to verify the initial assumptions involved 
in the mathematical derivations. Given a = 80mm, b = 40mm , and t = 1.6mm , 
H andr are calculated to be 39mm and 5.6mm respectively. Thus, the values of the 
different terms in equation 3-20 are determined, and their contributions to the mean 















0] = O.9ltadian 
~ 
o +--------r-------.--------r-------~------~ 
o 0.2 0.4 0.6 0.8 
Rotation angle (radian) 
Figure 73. M(8) - 8 curve of nonlinear spring element for "Z" shaped channel section beam 
Table 15. Contribution of Different Terms to Mean Crushing Force 
Different terms in 3-20 Values 
Contributions to mean 
crushing force 















From Table 15, it is found that the sum of the last two terms only contributes 5.4% to the 
mean crushing force. Thus, it is reasonable to neglect the influences of these two terms 
in order to simplify the overall routine of the derivation. Moreover, the mean crushing 
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force Pm is calculated to be 6.7KN using equation 3-20 while, equation 3-33 gives the 
value as 6.4KN-an error of only about 4%. 
After creating the rotational spring element, the simplified model is created using 
the Hughes - Liu beam element with the given cross sectional information. Like the 
simplified models for the box section beams, the spring elements are defined at the 
intersections oftwo neighboring segments and the fixed end to model the local plastic 
hinges. Figure 74 plots the simplified model. 








Figure 74. Simplified model for thin-walled "Z" shaped beam with channel section 
3.4.3 Dynamic Results and Comparisons 
After finishing modeling, the simplified model is used for the same crash analysis, 
and the dynamic results are compared with those of the detailed model to verify the 
validity of the simplified model. Table 16 lists the results of the comparisons, and 
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Figure 77. Absorbed energies for "Z" shaped channel section beam models, a / b = 2 
x 
Figure 78. Deformed shape of simplified "Z" shaped channel section beam model, 
a/ b = 2 
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Table 16. Comparison of Dynamic Results from Detailed and Simplified "Z" Shaped 
Square Section Beam Models, a / b = 2 
Detailed model Simplified model Difference (%) 
Global 
88.7 89.3 0.7 
displacement (mm) 
Peak crushing 
29.9 27.5 -8 
force (kN) 
Absorbed 
0.55 0.63 14.5 
energy (kJ) 
Computer 
1378 62 -95.5 
time (sec) 
As Table 16 shows, the errors of the important dynamic results are below 15%, 
and the simplified model only requires about 5% of computer time of the detailed model. 
From the results of comparisons, it is concluded that the developed simplified model can 
accurately represent the crash behavior of the detailed model during a crash analysis. 
The rotational displacements of the beam nodes are given as output, and the maximum 
rotational displacement is found to be 17.2°, which agrees with the twisting angle value 
that was measured as18° from the detailed channel beam model (see Figure 72). 
Therefore, it is preliminarily verified that the equation 3-39 can correctly predict the 
bending behavior of the channel section beam even if it is derived by taking small angle 
approximations. Undoubtedly, it is applicable to determining the nonlinear spring 
elements, which are used in simplified modeling. 
3.4.4 Effects of Mesh Density 
In this simplified model, each straight segment is meshed using 32 beam elements. 
During simplified modeling, a simpler model with coarser meshes is always sought. 
Therefore, based on the existing simplified model, three other models are created here 
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with each of their straight segments being meshed by 16, 8, or 4 elements respectively. 
The same crash analysis is performed on these models. The dynamic results are compared 
to the existing simplified model to investigate the effects of the mesh density on the 
model's crash response and to find the optimum mesh density that can achieve similar 
results to those from the detailed model while fully minimizing the simplified model's 
size. Table 17 lists the results of the comparisons, and all of the related plots are listed in 
appendix D. 
Table 17. Comparison of Dynamic Results from Simplified "z" Shaped Channel Section 
Beam Models with Differing Numbers of Elements 
# of elements for Detailed 
4 8 16 32 
each segment model 
Global displacement (mm) 88.7 89.2 89.3 89.3 89.3 
Difference (%) 0.6 0.7 0.7 0.7 
Peak force (kN) 29.9 49 34.3 27.1 27.5 
Difference (%) 63.9 14.7 -9.4 -8 
Absorbed energy (kJ) 
0.55 0.73 0.68 0.65 0.63 
Difference (%) 32.7 32.6 L 8.2 14.5 
Computer time (sec) 
1378 5 5 10 62 
Difference (%) -99.6 -99.6 -99.3 -95.5 
From Table 17, it is found that models with different mesh densities generate similar 
results for the global displacements, but for the peak crushing force and the absorbed 
energy, the coarse-mesh models cause higher errors. Comparing all the data, it is seen 
that only the 32-element model can keep all the errors below 15%. Therefore, it is 
verified that the current simplified model of 32 beam elements in each of its straight 
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segments is an optimum option for maintaining the balance between simplification and 
efficiency. 
3.4.5 Validation of the Newly Derived Bending Resistance through More Examples 
In addition to equation 3-39, equations 3-43 and 3-47 are also derived to predict 
the bending resistance of the channel section beam with II. = 3 and 4. In this section, two 
more "Z" shaped thin-walled channel section beams are studied, and corresponding 
simplified models are developed for each of them. These two models have the same 
dimensions and properties as the previous one, except for their cross sections, which are 
30mm x 90mm(1L = 3) and 25mm x 100mm(1L = 4). In developing the simplified models, 
the same modeling steps are followed" and equations 3-40 through 3-49 are applied to 
determine their moment-rotation characteristics. Table18 lists some of the intermediate 
results, which are calculated along with the derivation of their bending resistances. 
Table 18. Moment-Rotation Characteristics of Channel Section Models with II. = 3 and 4 
Model 30mmx90mm 25mmx100mm 
Cross section II. = 3 11.=4 
Half length of plastic fold H (mm) 32.2 28.5 
Rolling radius r (mm) 5.1 4.8 
Fully plastic momentM p (Nm) 2991 3167 
Angle of fully plastic 
0.006 0.006 
bending 0 p (radian) 
Angle of jamming 0 J (radian) 0.69 0.56 
With all the intermediate resullts listed in Table 18, both spring elements' bending 
resistance is obtained, and the general moment - rotation relationship for such beam 
models is shown in Figure 79. Then, the simplified models are developed following the 
same steps illustrated above. 
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... 
Rotatiton angle (radian) 
Figure 79. Moment - rotation relationship for arbitrary "Z" shaped channel section beam 
After creating the simplified models, the same crash analyses are performed on 
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Figure 80. Dynamic results of"Z" shaped channel section beam models, a I b = 3, a) 
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Figure 81. Dynamic results of "Z" shaped channel section beam models, a / b = 4, a) 
bending resistance, b) global displacement, c) crushing force, d) absorbed energy 
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Table 19. Comparison of Dynamic Results from Detailed and Simplified "Z" Shaped 
Channel Section Beam Models, a / b = 3 
Detailed model Simplified model Difference (%) 
Global 
88.6 89.2 0.7 
displacement (mm) 
Peak crushing 
29.8 25.5 -14.4 
force (kN) 
Absorbed 
0.56 0.61 8.9 
energy (kJ) 
Computer 
844 48 -94.3 
time (sec) 
Table 20. Comparison of Dynamic Results from Detailed and Simplified "Z" Shaped 
Channel Section Beam Models, a / b = 4 
Detailed model Simplified model Difference (%) 
Global 
88.7 89.3 0.7 
displacement (mm) 
Peak crushing 
31.7 27.1 -14.5 
force (kN) 
Absorbed 
0.57 0.6 5.3 
energy (kJ) 
Computer 
1513 103 -93.2 
time (sec) 
The results of the comparisons demonstrate that the developed simplified models 
correlate very well with the detailed ones. From both tables it is found that all of the 
errors are fewer than 15%. Meanwhile, the simplified models save much more computer 
time than the detailed ones. 
3.4.6 Discussion 
In this section, three simplified models are created for the three channel section 
beams with different aspect ratios, A,. From the results of comparisons, it is verified that 
the developed simplifIed models are qualified to replace the detailed model in crash 
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analyses while, saving computer time. The modeling method of chapter 2 is applied to 
the creation of these models, and the bending resistance of the channel section beam that 
was derived in section 3.3 is used to determine the characteristics of the nonlinear spring 
elements. A high correlation is acquired from the comparison of the dynamic results of 
the detailed and the simplified models., which also prove the accuracy of the 
mathematical derivation described in section 3.3. 
3.5 Conclusions 
This chapter studies the bending collapse of the thin-walled channel section 
beams and derives their approximate moment - rotation characteristics. The derived 
bending resistance is then used to develop the simplified models for channel section 
beams. Through a series of crash analyses and results comparisons, it is verified that the 
derived bending resistance is valid for predicting the channel section beam's crash 
behavior and is useable for determining the nonlinear rotational spring elements during 
the simplified modeling. As shown in section 3.3, the channel section beam's bending 
resistance is appropriately expressed as an equation with a simple closed solution form. 
The only limitation of the solution is that for the beams with different aspect ratios, the 
ratio, A, must be substituted each time and certain steps must be followed to obtain the 
corresponding M(8) - 8 relationships. 
After developing qualified simplified models for the detailed channel section 
beam models, the modeling method is then applied to the development of the simplified 
crash model for a detailed truck chassis model, whose two side-rails are composed of 
channel section beams that absorb most of the crash energy and bear the most impact 
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loads during the crashes. The next chapter thoroughly illustrates how to develop the 
simplified truck chassis model that is useable for crashworthiness analysis. 
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CHAPTER IV 
DEVELOPMENT OF A SIMPLIFIED MODEL FOR THE TRUCK CHASSIS 
4.1 Introduction 
Based on the modeling methodology of simplifying the channel section beam that 
was developed in chapter 3, this chapter continues to apply this method in the 
development of the simplified truck chassis model and to validate this simplified model 
for crashworthiness analysis. Before creating the simplified model, the crashworthiness 
analysis is first performed on the existing detailed chassis model; the detailed model's 
crash response is presented. Next, the entire chassis model is divided into two parts; first, 
two side-rails that are composed of channel section beams and second, six plate-like cross 
members (as shown in Figure 82). Different modeling techniques are applied to simplity 
these two parts: the modeling method of the earlier chapters models the side-rails and the 
superelement method along with the equivalent beam method models the cross members. 
These two simplified parts are combined to accomplish the final simplified model; the 
efficiencies of both superelement method and equivalent beam method are compared, and 
the best modeling method is summarized and recommended. To validate the simplified 
models, the same crashworthiness analysis is performed, and the crash results are 
compared with those from the detailed model to validate the simplified model and the 
modeling method as well. Additionally, a series of transitional models are created and 
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used for the same crashworthiness analysis. The results fully reveal the efficiency and 
the advantages of the developed simplified model and the simplified modeling method. 
4.2 Crash Behavior of the Detailed Truck Chassis Model 
4.2.1 Finite Element Model 
Figure 82 shows the detailed tmck chassis model (provided by the Ford Company, 
including the material properties and geometries), and the input data is listed in Table 21. 
4.2.2 Crash Results and Discussion 
The detailed model is used for the crashworthiness analysis; Figures 83 through 
85 display the important crash results including the cmshing force, the global 
displacement, and the absorbed energy. Figure 81 shows that during the crash, the 
impact force reaches its peak value instantly then, drops quickly, and finally, tends 
towards zero. This phenomenon shows that in this test 100msec is an appropriate time 
interval for displaying the entire crash history. From the displacement plot, it is inferred 
that after the model impacts the rigid wall, the rest of the model continues its forward 
motion; at about 20msec, it stops moving, experiences a small rebound, and then, 
oscillates around its position of equilibrium. Accordingly, this characteristic is also 
reflected in the absorbed energy plot, where the absorbed energy reaches a steady-state 






Figure 82. Detailed truck chassis model 
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Table 21. Detailed Truck Chassis Model Input Data 
Material Properties 
Young's modulus (E) 2.07E5MPa 
Density (p) 7830kglm3 
Yield Stress (0" y) 200MPa 
Ultimate Stress( O"u) 630MPa 
Hardening modulus (Esn) 0 
Poisson's ratio (v) 0.3 
Geometries 
Totallength(L) 6215mm 
Cross section (a,b) Non-uniform cross 
section 
Wall thickness(t) Non-uniform thickness 
Crash conditions 
Added mass (m) 236kg 
Initial velocity(vo) 15m/s 
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Figure 85. Absorbed energy for detailed truck chassis model 
After the analysis, the crash behavior of the detailed model is observed from the 
animation file. In comparison to the chassis model before and after the crash test, it is 
found that during the crash, the side-rails of the chassis model deform mainly along their 
longitudinal direction. However, for the cross members, it is observed that the frontal 
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member (member 1) undergoes a small bending because of the effects of the transferred 
impact force. Cross members 2, 5, and 6 almost keep their original shapes through the 
entire crash process because only a few impact forces are transferred to them. However, 
members 3 and 4 experience large displacements due to their weak structures. Figure 86 
displays the original and the deformed truck chassis model; Figure 87 compares the 
configurations of the cross members before and after the analysis. 
Original model 
t I 
Member 1 Member:2 
Mernbcer 4 
Member 6 
Figure 86. Original and deformed detailed truck chassis models 
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Figure 87. Original and deformed cross member models 
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4.3 Creating a Simplified Model for the Side-Rails Applying the Derived Bending 
Resistance 
Viewing the truck chassis model, it is found that the entire chassis model is 
composed of two side-rails and six cross members. Simplified models are developed for 
each of them. From Figure 80, it is seen that the side-rails are composed of thin-walled 
box and channel section beams, and therefore, they are simplified by directly applying 
the modeling method and the derived bending resistance illustrated earlier. This section 
mainly describes how to create the simplified model for the side-rails, and the simplified 
modeling of the cross members is introduced in next section. 
4.3.1 Detailed Model 
Before creating the simplified side-rails model, the structure of detailed model is 
presented and studied. Figure 88 plots the left side-rail model; the right side-rail model 
has the same characteristics because the two side-rails are symmetric. From Figure 88, it 
is found that one side-rail model is analyzed as several segments because the varying 
geometries and features enable each segment to have its own cross section and wall 
thickness. A concise profile of the detailed model is drawn in Figure 89, which also 
indicates the related dimensions. Later, the simplified side-rails model is created using 
this profile. 
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Top view -. = 
Side view 
Isometric view 






Cross sectional area: 
Box Channel 
Figure 89. Profile of side-rail model 
In Figure 89, segments 1 through 7 have different cross sections, which are 
numbered from 1 to 7 in Figure 88. Because the cross section in the model changes 
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gradually, a median cross section is extracted from each segment and used as the 
characteristic cross section of a segment. Table 22 lists the cross sectional geometries. 
Table 22. Cross Sectional Geometries of Different Segments 
Segment # Cross section Cross Web Flange Thickness 
(Figure 89) # (Figure 88) sectional type a (mm) b(mm) t(mm) 
1 1 Box 118.7 97.7 5.1 
2 2 Box 155 97.7 5.1 
3 3 Box 160.5 97.7 5.1 
4 4 Channel 147.2 50 5.1 
5 5 Channel 174.5 66.5 6.1 
6 6 Channel 157.8 50 6.1 
7 7 Channel 136.7 68 6.1 
4.3.2 Simplified Modeling 
After reviewing the configuration of the detailed side-rail model and the 
characteristics of its cross sectional areas, the simplified side-rail model is developed. In 
developing the simplified model, the modeling methods developed in earlier chapters are 
applied here. Similar to the previous examples, the body of the simplified model is 
modeled using the Hughes-Liu beam elements based on the plotted profile of the detailed 
model (as shown in Figure 89). From analyzing the structure of the side-rail model, it is 
found that the simplified model needs 10 plastic hinges to predict its bending behavior. 
Those plastic hinges are modeled with nonlinear rotational spring elements (shown and 
numbered in Figure 90), and the dimensions of the cross sections where the plastic hinges 
are located is measured to calculate the nonlinear spring's bending resistance. As listed 
in Table 22, the detailed side-rail model has 7 different cross sections along its length. 
Table 23 lists all 10 nonlinear springs and their corresponding cross sections. Since the 
cross sections include both box and channel sections, the equations presented in chapters 
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2 and 3 are applied to calculate the equivalent bending resistances, and some of the 
results ofthe calculations are also listed in Table 23. 





Angle of fully plastic 
Angle of 
section # momentMp jammingBj 
spring # resistance bending B p (degree) 
(see Table 22) (kN*m) (degree) 
1 2 Eq. 2-5 38.2 1.2 57 
2 2 Eq. 2-5 38.2 1.2 57 
3 4 Eq. 3-39 24.8 1.3 62 
4 4 Eq. 3-39 24.8 1.3 62 
5 5 Eq. 3-39 44.7 1.1 59 
6 5 Eq. 3-39 44.7 1.1 59 
7 5 Eq. 3-39 44.7 1.1 59 
8 6 Eq. 3-39 32.4 1.7 61 
9 6 Eq. 3-39 32.4 1.7 61 
10 7 Eq. 3-39 32.1 1.2 65 
With the calculated bending resistances of the nonlinear springs, the simplified 
side rail model is created by integrating the beam elements and the nonlinear springs. 







Figure 90. Simplified side-rail model 
4.3.3 Crash Results and Comparisons 
After creating the detailed and the simplified side-rail models, they are used for 
crashworthiness analysis. The crash conditions are the same as those for the detailed 
truck chassis model in section 4.2.1. Important crash results are recorded and compared 
to verify the efficiency of the simplified model. They are plotted and listed in the 
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Figure 91. Displacements for side-rail models 
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Figure 95. Deformed simplified side-rail model 
Table 24. Comparison of Crash Results from Detailed and Simplified Side-Rail Models 
Detailed model Simplified model Difference (%) 
Max. global 
141.3 138.8 -1.8 
displacement (mm) 
Peak crushing 
252.8 270.8 7.1 
force (kN) 
Absorbed 
9.6 9.4 -2 
energy (kJ) 
Computer 
60420 2580 -95.7 
time (sec) 
From Table 24, it is concluded that the developed simplified model can accurately 
simulate the crash behavior of the detailed model; all of the errors for the important crash 
results are below 10%. Meanwhile, the simplified model only takes about 4% as much 
computer time as the detailed model does. Thus, the efficiency of the simplified model is 
verified, and the simplified model is applied directly for the final simplified truck chassis 
model. 
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4.4 Develop Simplified Model for Cross Members 
Apart from the two side-rails, the entire chassis model also has six cross members, 
which are plate parts with irregular shapes. A simplified modeling method for generating 
the simplified cross member models needs to be developed for use in the final simplified 
truck chassis model. Two possible options exist for simplifying the cross member 
models. The first is to generate a superelement for each of the cross members and to 
integrate these superelements with the developed simplified side-rails model to obtain the 
objective simplified chassis model. The other method is to calculate the original cross 
members' mass and stiffness and then, create equivalent beams that have the same mass 
and stiffuess as the original cross members. These equivalent beams should have simple 
configurations, which are represented by beam element models with the specified cross 
sectional information. Next, the developed beam element models are connected to the 
simplified side-rails model and replace the original cross member models in the final 
simplified chassis model. 
In this section, the two optional methods are introduced separately in sections 
4.4.1 and 4.4.2. The corresponding simplified cross member models are developed by 
applying the two methods. In next section, the developed simplified cross member 
models are used to create the final simplified truck chassis model, and the efficiencies of 
the two modeling methods are compared and discussed. 
4.4.1 Creating Superelements for Cross Members 
A superelement is a single-matrix element condensed from a group of finite 
elements. In nonlinear analyses and analyses of structures containing repeated 
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geometrical patterns, the superelement is always applied in order to reduce computer time 
and to allow the solution of very large problems with limited computer resources [53]. In 
this section, six superelements are created to represent the cross members and are 
imported into the simplified side-rails model to complete the final simplified chassis 
model. In the simplified chassis model, each superelement works as a single element 
during the crashworthiness analysis significantly saving computer time. 
Since LS-OYNA only recognizes the superelement in a NASTRAN format, the 
cross members are all re-written as NASTRAN input files. In creating the superelements 
for these members, the master nodes are selected at the center of the assembly holes 
through which they are connected to the side-rails. These master nodes are also the 
interface nodes shared by the super and nonsuperelement structures. All three 
translational DOF's of the master nodes are selected as the master DOFs. Figure 96 
shows the master nodes from all six cross members. After running these input files, the 
corresponding superelements are created, and the condensed mass and stiffness matrices 
are generated and output. These matrices are put in the LS-OYNA model to replace 
those detailed cross member models and to simplifY the overall model. 
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Figure 96. Master nodes from cross members 1 through 6 
4.4.2 Developing Equivalent Beams for Cross Members 
Apart from the superelement method, there is another scheme to simplify the 
cross members. It uses equivalent beams to replace the original cross member models. 
In the truck chassis model, the cross members are mainly used to support the side-rails 
and to absorb the partial impact energy during the crashworthiness analysis. Therefore, it 
is possible to calculate these cross members' masses and their moments of inertia and to 
develop a series of equivalent beam models that have those same masses and moments of 
inertia. Thus, the equivalent beams have the same masses and stiffness as the original 
cross members and show similar crash behavior during the crashworthiness analysis. The 
135 
developed beam models are straight beams with uniform cross sections enabling easy 
representation by beam elements. 
Table 25 lists the cross members' masses and moments of inertia, which are the 
same as those of the equivalent beams. Since the cross members and the equivalent 
beams have the same material, the volume of the equivalent beams is calculated by 
dividing the mass by the density. The length of the equivalent beams is measured as the 
distance between the two side-rails, which is 897mm. Then, the cross sectional areas of 
those beams are calculated and assigned as characteristic parameters of the beams to 
ensure that they have the same masses as the original cross members. The values of the 
cross sectional areas ofthe equivalent beams are also listed in Table 25. 
In Table 25, the moments of inertia lxx, Iyy and Izz are calculated using a series of 
static analyses. For example, to find the lxx, a testing moment, Mx, is applied on the ends 
of the cross members; after the analyses, the final bending angel ex is found. Thus, the Ixx 
is calculated using the formula M = E1 xx B ,where E is material's Young's modulus 
x L x 
and L is the cross member's length, which is 897mm. Similarly, the Iyy is found 
following the same steps. As for the Izz, since it regards the torsional stiffness, in the 
analysis, one end of the cross member is fixed and a testing torque T z is applied to the 
other end. After obtaining the final torsion angle ¢ , the moment of inertia Izz is calculated 
using the formula Tz = G~zz ¢, where the G is the material's shear modulus. It is 
determined using the given material's Young's modulus and Poisson's ratio, which is 
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G = E Figure 97 uses cross memberl as an example and shows how the different 
2(1 + v) 
testing moments are applied to it. 
Figure 97. Applying testing moments to find moments of inertia 









Equivalent beam 1 23.7 3374 2108 2196 507 
Equivalent beam2 8.2 1168 802 799 34 
Equivalent beam3 2.8 399 178 187 9 
Equivalent beam4 4.2 598 385 391 19 
Equivalent beamS 8.7 1239 757 792 64 
Equivalent beam6 10 1424 704 730 59 
(Note: Original cross members have the same masses and inertias as the equivalent beams) 
After obtaining the inertias and cross sectional areas, the equivalent beams are 
modeled using beam elements with correct input moments of inertia and cross sectional 
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areas. Figure 98 shows the equivalent beams' Ixx and Iyy with respect to X and Y 
directions. 
Figure 98. Cross sectional information of equivalent beams 
As seen in Figures 86 and 87, some ofthe cross members buckle from their 
middle portion during the crashworthiness analysis. To reproduce the buckling in the 
simplified model, one hinge is applied at the middle of each cross member. The hinge is 
E1 
a spring element whose stiffness is estimated as the bending stiffness ~; thus, the new 
L 
rotational spring element is defined by inputting its bending stiffness. Figure 99 shows 
the detailed model for cross memberl and its equivalent beam model with one hinge in 
the middle. 
Detailed model Equivalent beam 
Figure 99. Detailed model and equivalent beam model for cross memberl 
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4.5 Developing a Simplified Model for the Truck Chassis 
4.5.1 Superelement Method 
In this section, the superelements generated in 4.4.1 are imported into the 
simplified side-rails model, which is presented in 4.3, to complete the simplified truck 
chassis model. Then, this simplified model is used for the same crashworthiness analysis 
performed in 4.2 to verify its efficiency. 
4.5.1.1 Simplified Modeling 
With all the previous preparations, the simplified truck chassis model is easily 
completed by integrating the simplified side-rails model and the superelement models. 
The superelement method requires that the superelements and the non-superelement 
model share the same interface nodes. Therefore, auxiliary nodes are created in the 
simplified side-rails model at the same positions where the master nodes are defined for 
the superelements (see Figure 96). These auxiliary nodes are constrained to the side-rails 
model by coupling the related DOF's together (see Figure 100). Figure 100 displays the 
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the side-mils model 
Figure 100. Simplified truck chassis model with superelements 
4.5.1.2 Crash Results and Comparisons 
The simplified model from 4.5.1.1 is used in the same crashworthiness analysis 
previously performed on the detailed chassis model. The crash results are compared to 
those from the detailed model to validate the simplified model and the superelement 
method. Additionally, a transitional model is also created and used in this analysis. The 
transitional model is composed of the detailed side-rails model and the superelements (as 
shown in Figure 101). The crash results of this transitional model are compared in order 
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Figure 101. Transitional model with detailed side-rails and superelements 
After finishing the crashworthiness analyses, all of the important crash results are 
recorded and compared. The results of the comparisons are plotted in following Figures 
along with the deformed geometries of both the detailed and the simplified chassis 
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Figure 1 06. Deformed simplified truck chassis model with superelements 
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Table 26. Verification of Simplified Chassis Model with Superelements 
Detailed 
Detailed side- Simplified 
model 
rails with model with 
superelements superelements 
Max. global 




Peak force (kN) 













The comparison between the detailed model and the model composed of detailed 
side-rails and superelements verifies the accuracy and the efficiency of the generated 
superelements. From Table 26, it is found that the application of the superelements did 
not affect the accuracy of the crash results while reducing the computer time by 36%. 
The advantages of using simplified model with superelements is verified by the same 
table: the errors of all the crash results yielded from the simplified model are below 10% 
and the developed simplified model only uses 6% of the computer time of the detailed 
model. 
4.5.2 Equivalent Beam Method 
In this section, the equivalent beams of section 4.4.2 are applied to the simplified 
chassis model to replace the cross members. The same crashworthiness analysis is 
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perfonned on the simplified model, and the crash results are compared with those from 
the detailed model to verify the efficiency of the developed simplified model and the 
equivalent beams. 
4.5.2.1 Simplified Modeling 
Given the simplified side-rails model and developed equivalent beams, the 
simplified chassis model is easily created by assembling the equivalent beams onto the 
simplified side-rails model. The X-positions of connecting points between the equivalent 
beams and the side-rails are the X-positions of the cross members' centers of gravity (as 




Figure 107. Simplified truck chassis model with equivalent beams 
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4.5.2.2 Crash Results and Comparisons 
The developed simplified chassis model with equivalent beams is used in the 
crashworthiness analyses, and the crash results are compared with the detailed model to 
validate the developed simplified model and the equivalent beams. Figure 111 plots the 
deformed configuration of the simplified model; the results of the comparisons are 
plotted in Figures 108 through 110 and listed in Table 27. 
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Figure 110. Absorbed energies for simplified chassis model with equivalent beams 
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Top view 




Figure Ill. Deformed simplified truck chassis model with equivalent beams 
Table 27. Verification of Simplified Chassis Model with Equivalent Beams 
Detailed Simplified model with 
Di fference (%) 
model equivalent beams 
Max. global 
123.7 127.6 3.2 
displacement (mm) 
Peak crushing 
505.5 540 6.8 
force (kN) 
Absorbed 
27.8 27.4 -1.4 
energy (kJ) 
Computer 
126420 10140 -92 
time (sec) 
The results of the comparisons show that the developed simplified model and the 
detailed model reach a close consensus in simulating the chassis's crash response. All 
the errors are below 10%, and the simplified model only requires 8% of the computer 
time of the detailed model to finish the analysis. Additionally, when comparing Figures 
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105 and Ill, it is found that with the hinge at the middle of cross members, cross 
memberl in the simplified model experiences buckling similar to the detailed cross 
member model. From the output of the nodes' displacements, it is calculated that in the 
detailed model the deformation at the center of cross memberl is 62.2mm while, the 
value in the simplified model is 60.0mm; thus, they are very close to each other. The 
simplified chassis model with equivalent beams is validated, and the modeling method is 
verified as capable of creating further simplified crash models. 
4.5.3 Discussion 
The results of the comparisons show that the detailed model and both of the 
developed simplified models achieve similar results in simulating the chassis's crash 
response. All the errors are below 10%, and the simplified models took less than lO% of 
the computer time necessary for the detailed model to finish the crashworthiness analysis. 
As in tables 26 and 27, both the superelement method and the equivalent beam 
method can efficiently simplify the cross members in the original detailed model. The 
two methods have similar principles: using a simplified model to transfer the mass and 
stiffness of the original cross members and integrating the correct mass and stiffness into 
the final simplified model, and simulating the crash behavior of the cross members. 
Of the two methods, the equivalent beam method is recommended because it is 
easier to find the masses and moments of inertia of the cross members and create the 
equivalent beams by assigning these values than to generate the superelements for the 
cross members using some other software package. Unlike the superelement method, all 
the operations of the equivalent beam method are solvable in an LS-DYNA environment, 
and no other software package is necessary. Moreover, with the application of the middle 
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hinges, the simplified model with equivalent beams visually demonstrating the buckling 
of the cross members other than the side-rails. 
4.6 Conclusions 
This chapter develops the final simplified model for the truck chassis based on all 
the previous studies and preparations. The crash results and the comparisons show that 
the developed simplified model works very well in simulating low-speed impact 
problems and can replace the existing detailed model to save computer resources. In the 
simplified model, the bending resistance of the channel section beam from chapter 3 is 
applied to the development of the new nonlinear spring elements that model the plastic 
hinges of the side-rails. Again, the simplified modeling method in chapter 2 is used to 
create the simplified model for the side-rails that receive the majority of the impact loads 
and significantly contribute to the crash. Also, in simplifying the cross members, the 
equivalent beams are generated and applied to replace the detailed cross member models 
previously simulated by shell elements. As a result, following all of the steps 
significantly reduces the overall size of the chassis model. 
The modeling method above develops the simplified truck chassis model very 
effectively and is extensively applicable to other engineering problems. The following 
chapters summarize and present a general simplified modeling methodology using earlier 
research. This methodology is thoroughly discussed and evaluated. 
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CHAPTER V 
DEVELOPMENT OF A SIMPLIFIED MODELING METHODOLOGY 
5.1 Simplified Modeling Methodology 
Based on the simplified modeling of the truck chassis described in chapter 4, a 
general simplified modeling methodology is summarized and applicable to the 
development of simplified crash models for more structures. 
The first step of creating a qualified simplified model is to carefully study the 
structure of the detailed model that requires simplification. Generally, most real crash 
models are composed oflongitudinal thin-walled frame members and cross members. 
When investigating the formation of the detailed model, the features of these members 
are studied, recorded, and referenced in future simplified modeling. 
Secondly, different modeling strategies are chosen for the modeling of each of the 
members. The simplified modeling method of chapters 2, 3, and 4 are applicable to the 
creation of simplified models for the longitudinal thin-walled frame members. As 
illustrated in previous chapters, in the creation of such simplified models, nonlinear 
spring elements are necessary for simulating the crash behavior of the plastic hinges. To 
develop the nonlinear spring elements, the researchers decide the possible positions of the 
plastic hinges in the original model, first. Using the cross section information from the 
plastic hinges, appropriate collapse theories are applied to determining the approximate 
moment - rotation characteristics of the nonlinear spring element. Afterwards, the 
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developed spring element is integrated with the beam element to build the simplified 
model for the longitudinal thin-walled frame members. Beam-element models with the 
same masses and moments of inertia replace the cross members of the original detailed 
model. A spring element is applied at the middle of the members to simulate the 
buckling behavior. 
Finally, after developing the simplified models for all the members, these 
developed simplified models are combined to accomplish the final simplified model. 
Detailed steps of the simplified modeling methodology are described in section 5.2. 
5.2 Detailed Steps of the Methodology 
The detailed steps of creating the simplified crash models are summarized as: 
1. Use beam elements with the correct cross sectional information to model the body 
ofthe longitudinal thin-walled frame members. 
2. Use nonlinear spring elements with calculated bending resistance to model the 
plastic hinges. 
3a. For the box section beams, the nonlinear spring's bending resistance is estimated 
based on given cross section information by using equations 2-5 to 2-10. 
3b. For the channel section beams, the nonlinear spring's bending resistances 
regarding different//' = a are derived applying equations 3-28 through 3-39 
b 
4. Calculate the transverse plate parts' masses, moments of inertia, and bending 
stiffness. 
5. Use beam elements with the correct masses and moments of inertia to model the 
body of cross members. 
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6. Define a spring element with the cross members' bending stiffness at the middle 
of the beam models created in step 5 to simulate its buckling behavior. 
7. Integrate the developed simplified models ofthe longitudinal thin-walled frame 
members and of the cross members to accomplish the final simplified crash model. 
After creating the simplified model in LS-DYNA environment, boundary 
conditions and initial conditions are applied and crash time is set for analyses. Then the 
developed simplified model is exported into a * .dyn output file, which is used for crash-





In this research, the simplified crash model for truck chassis is developed and 
validated through the analyses and comparisons. A systematic simplified modeling 
methodology is also presented. This methodology can help researchers create qualified 
simplified models that can replace existing detailed models in crashworthiness analyses. 
The results of the analyses and the comparisons verify that the developed simplified 
models save much more computer time than the detailed ones with the errors less than 
10%. With the simplified model, designers can easily changes the model to attempt and 
compare different design ideas. Obviously, in comparison with the detailed model, the 
simplified model requires much less labor for modifications or for changing geometries. 
This is especially useful during the early product design stage. 
Despite all its advantages, some limitations still exist in developed modeling 
methodology. As shown in previous results and comparisons, a simplified model 
developed following this modeling methodology can accurately simulate the structure's 
crash behavior in a low-speed impact problem (initial velocity is around 15m1s). If the 
initial velocity is increased to 30m/s or higher, the developed simplified model can not 
simulate the structure's crash response accurately, and a detailed model is still necessary 
under such conditions. One possible reason is that during a high-speed crash, much 
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higher impact loads are generated and transformed to the structure. Therefore, the crash 
model collapses much more quickly and much more seriously than the low-speed crash 
case. Thus, serious buckling and the phenomenon of "self-contact" (shown in Figure 112) 
appear in this crash model and significantly complicate the crashworthiness analysis. 
The current beam element used to model the structure's body in the simplified model can 
not even approximately simulate the serious buckling itself due to the interactions among 
the "self - contact" parts. Also, since a high instant impact load appears in the high-
speed crash problem, the nonlinear spring elements fail the first time and can not 
correctly predict the plastic hinges' crash behavior. These two factors cause the failure of 
the simplified model in simulating high-speed impact problems. 
Figurel12. "Self-contact" happens in the high-speed crash problem 
In the developed simplified modeling methodology, the superelement models and 
the equivalent beam element models are proposed to replace those transverse parts that 
do not directly contact the impact objects. Nevertheless, the methodology does not 
answer the question of how to simplify the transverse plate parts that are directly 
impacted by other objects during the crash process. One example is the bumper of a 
vehicle, during a crash, the bumper is impacted and seriously buckles; the impact loads 
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are transferred to the remaining parts of the vehicle through the bumper. Obviously, 
neither a single superelement nor a beam element can develop the simplified model for 
the bumper; the shell element can not be replaced in this case. One possible solution is to 
use several superelements or several equivalent beams connected through "plastic 
hinges" to represent the bumper. During the crash, the relative motions between these 
superelements or equivalent beams along the corresponding "plastic hinges" simulate the 
buckling behavior of the bumper. The difficulties involve how to accurately predict the 
buckling behavior of the bumper and how to determine the characteristics ofthe "plastic 
hinges" as well as the number of superelements or equivalent beams that represent the 
bumper. 
According to the above discussion, the simplified modeling methodology and the 
simplified models developed in this research still need improvement to meet the higher-
level requirements in simulating more crash problems. 
6.2 Future Directions 
As mentioned in 6.1, the current research about simplified crash modeling can be 
improved in at least three areas in the future. The first area is the development of a new 
beam element that can represent significantly collapsed structures during high-speed 
crash simulations. To fulfill this, the new beam element should be capable of accurately 
simulating the buckling and "self-contact" ofthe crashed structure usually involved in 
high-speed crashes that can currently only be reflected by a shell element. 
Secondly, in order to develop qualified simplified models that can be used for 
high-speed crashworthiness analyses, it is necessary to improve the nonlinear spring 
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elements. They need to be capable of correctly predicting the crash behavior of the 
plastic hinges even after the jamming angle is reached. 
The third area is to develop a new method to simplify the detailed models of the 
transverse parts, which directly contact the impact objects during crash tests, e.g. the 
bumper. As explained in section 6.1, such parts might be represented by several 
superelements or equivalent beams, which are connected through "plastic hinges." Using 
the current knowledge about the buckling behavior of the plate parts, researchers may 
develop a new element to model these parts in the improved simplified models. 
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A. Implicit Code and Explicit Code 
As mentioned in chapter 1, the LS-DYNA is an explicit code while ANSYS is an 
implicit code. The differences between the two computer software packages are caused 
by the different solution procedures and time integration methods they use. The ANSYS 
is an implicit code, which uses the Newmark method. The LS-DYNA is an explicit code 
that uses the central difference method. The basic procedures of both integration 
methods are introduced below, and the features of each method are then discussed. 
a) The Newmark method 
for governing the equilibrium equation of a system of finite elements: 
MU+CU+KU=R. A-I 
The Newmark integration scheme assumes 
A-2 
A-3 
where, ex and 8 are parameters that can be determined to obtain integration accuracy and 
stability; in the Newmark method, ex = ~, and 8 = 12. Then, to solve the displacements, 
velocities, and accelerations at time t + L1t, the equilibrium equation A-I is written as: 
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MUi+I+CUi+I+KUi+1 = Ri+l · A-4 
In solving the equation, Ui+1 is first solved from A-3, which is in terms ofUi+l, and then, 
substitutes Ui+1 into A-2. Then the equations for Ui+1 and Ui+1 are obtained, each in 
terms of the unknown displacements Ui+1 only. The two relations for Ui+1 and Ui+1 are 
substituted into A-4 to solve forUi+l. After that, U i+1 and Ui+1 are calculated using A-2 
and A-3. 
b) The central difference method 
In this method, it is assumed that 
A-5 
A-6 
for the governing equilibrium equation at time t 
A-7 
Substituting the relations for U i and U i shown in A-5 and A-6 into A-7, we have 
-M+-C U =R- K--M U- -M--C U (1 1) (2) (1 1) !1t2 2!1t 1+1 I !1t2 I !1t2 2!1t I-I A-8 
because the calculation of Ui+1 involves U i and Ui-I. Before starting the procedure, 
U -I is determined. The relations in A-5 and A-6 are used to obtain U- I 
A-9 
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When comparing the two solution procedures, it is found that the implicit solution 
that uses the Newmark method requires matrix inversion to calculateU i+1 while, the 
explicit solution does not. So compared to the implicit method, the explicit method can 
save more on computational costs and can handle a dynamic problem faster. However, 
unlike the implicit solution method, which is unconditionally stable for large time steps, 
the explicit method is stable only if the time step size is smaller than the critical time step 
size for the structure being simulated. The un-damped critical time step size is 2/CDn 
(where CDn is the largest natural circular frequency), which is usually a very small value. 
To show the stability problem clearly, a simple un-damping structure with the 
.. 
equilibrium equation Xi + OJ 2 Xi = Ii is used for the stability analysis of both integration 
methods. 
a) For the Newmark method related to the implicit analysis, the equations are 
and 
• 1 •• •• 2 





Substituting equations A-II and A-I2 into A-lO using a = ~ and cS = 1i, the following 
relation is established: 
Xi+1 Xi 
Xi+1 = A Xi + L'i+l A-I3 
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where, 
- 0.25/3 /3 /3 
M M2 
A= ~t[0.5 - 0.125/3] 1- 0.5/3 /3 A-14 
2M 
/1[2 [0.25 - 0.0625/3] /1[[1- 0.25/3] 1-0.25/3 
A-15 
which is used to analyze the stability. 
If substituting A into the eigenvalue problem Au = AU, A is solved. For stability, 
it is required thatlAI :::; 1. After solving the equation, it is found that for any ~t, the 
inequality IAI :::; I is satisfied. Thus, the implicit analysis is unconditionally stable. 
b) For the central difference method related to the explicit analysis, the equations are 
and 
• 1 
Xi = -(Xi+1 - Xi_I) 
2M 
Substituting A-17 and A-18 into A-16 and solving for Xi+1 , it is obtained that 









Substituting this A into the equation Au = AU and solving for the inequalitylAI ::s; I, it is 
found that the inequality is satisfied only when ~t ::S;2lwn (where Wn is the largest natural 
circular frequency). Thus, the explicit analysis is conditionally stable. 
From the above explanation, it is concluded that for a high-speed impact problem 
with small M, the computational cost increases dramatically when using implicit analysis, 
which includes matrix inversions and may cause divergence. Compared to the implicit 
analysis, the explicit analysis is more appropriate for this kind of problem due to its 
advantage in saving the computational cost. Its disadvantage of conditional stability can 
be ignored because of the small ~t involved. At last, a simple un-damped, two degrees of 
freedom system is presented as an example to show how the Newmark method and the 
central difference method solve a real problem. The example is taken from Bathe's book, 
"Finite Element Procedures," page 773 [50]. 
Example: Given a simple mass-spring system as shown in figure I , 
Ml M2 
Fl,UI F2, U2 
Figure AI. Simple mass-spring system 
where, K\ = 4N/m, K\ = 2N/m, K\ = 2N/m, M\ = 2kg, M2= 1kg, F\ = 0, and F2= ION. 
The governing equilibrium equation for the system: 
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which is 
To calculate the response of the system for 12 steps, use the Newmark method and the 
central difference method separately. 
Before solving the problem, the ~t is determined. As the same ~t is used for both 
methods, an appropriate ~t needs to be calculated to ensure the stability of the central 
difference method. First, the generalized eigenvalue problem is solved as 
[ 6 -2] 2 [2 0] 2 2 ¢ = 0) ¢ ~ 0)1 = 2,0)2 = 5 ~ 1; = 4.45, T2 = 2.8. -2 4 0 1 
Then, ~t is established as T 211 0 = 0.28, which is far below the critical value 2/mn = 0.89. 
Solution: 
a) Using the Newmark method 
.. . 
The first step is to calculateUtooo. Assume that Ut=o= 0, and Ut=o= O. Use 
[
2 0].. [6 -2][UI ]_ [0] •• _ [0] Ut=o+ - ~ Ut=o - . o 1 - 2 4 U 2 10 10 
Substitute K, M, R and ~t into equations A-2, 3, and 4, to obtain 
Ui+1 = Ui+ 0.14Ui+ 0.14Ui+l. 
Performing these calculations, the final results are 
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Time i1t 2i1t 3M 4i1t 5i1t 6i1t 7i1t 8i1t 9i1t 10i1t lli1t 12i1t 
U I 0.00673 0.0505 0.189 0.485 0.961 1.58 2.23 2.76 3.00 2.85 2.28 1.40 
U2 0.364 1.35 2.68 4.00 4.95 5.34 5.13 4.48 3.64 2.90 2.44 2.31 
b) Using the central difference method 
Similarly, substituting K, M, R, and i1t into equations A-8 and A-9 obtains 
[
25.5 0 ]u. = [·0] + [45.0 2]0. _ [25.5 0]0.. 
o 12.8 1+1 10 2 21.5 I 0 12.8 1-1 
The solution for each time step and the final results are 
Time M 2i1t 3i1t 4i1t 5i1t 6i1t 7i1t 8i1t 9i1t 10i1t lli1t 
UI 0 0.0307 0.168 0.487 1.02 1.70 2.40 2.91 3.07 2.77 2.04 
U2 0.392 1.45 2.83 4.14 5.02 5.26 4.90 4.17 3.37 2.78 2.54 
The two sets of results are compared, and the following two Figures plot the 
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Figure A3. Displacement for second degree of freedom 
Note: the subscripts i,i + 1, and i -1 represent the varying parameters at times t,t + M, and 
t - M respectively. 
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B. Dynamic Results Generated by Simplified Models for Thin-walled "Z" Shaped 
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Figure B1. Displacements at end of beam, a) I-element, b) 2-element, c) 4-element, 
d) 8-element, e) 16-element, f) 32-element 
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Figure B2. Displacements at hinge I of beam, a) I-element, b) 2-element, c) 4-
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Figure B3. Displacements at hinge2 of beam, a) I-element, b) 2-element, c) 4-







1S3Q ;z:. 20 
>~ .u 
OJ E" l~ b 21) .... 
:.... c 




.j 000 0])1 o !I'> 1),(18 OJ 01. 






z. z ~.J!J ..:oIl 
u '~. 1~ ... 




0111 (J,(M. O!lri 0.00 IU OJ1 tlCQ (Jh4 O.()S OM OJ Oil 
.j 
.:5 Timei~) Tirn..:lsl'c} 
2$ lS 




~ HI.S E" IS .... 
I-. £ c 




0.1):2 1),\)1 006 1)J}a OJ (1,1:1 cU O.U 
.;j ·5 Tirm:(sec) Timl'l,sl'c) 
Figure B4. Crushing forces of beam, a) I-element, b) 2-element, c) 4-element, d) 8-
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Figure B5. Absorbed energies of beam, a) I-element, b) 2-element, c) 4-element, d) 8-
element, e) I6-e1ement, f) 32-element 
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c. Dynamic Results Generated by Simplified Models for Thin-walled "S" Shaped 
Rectangular Section Beam with Different Number of Nonlinear Spring Elements 
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Figure C2. Crushing forces of beam, a) 3-body-3-spring, b) 6-body-6-spring 
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Figure C3. Absorbed energies ofbearn, a) 3-body-3-spring, b) 6-body-6-spring 
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D. Dynamic Results Generated by Simplified Models for Thin-walled "Z" Shaped Channel 
Section Beam with Different Mesh Densities. 
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Figure D3. Absorbed energies at end of beam, a) 4-element, b) 8-element, c) 16-e1ement 
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E. Nomenclature 
a Width of cross-section (web) 
b Depth of cross-section (flange) 
C Average edge length of cross-section 
E camp Energy dissipated along compressive flange 
E ext Total external energy 
Eint Total internal energy 
E ten Energy dissipated along tensile flange 
Eweb Energy dissipated along web 
H Halflength of plastic fold 
f i Length of hinges 
M ((}) Bending moment 
M 0 Fully plastic moment per unit length of section wall 
M p Fully plastic moment of a section 
P Instantaneous crushing force 
Pm Mean crushing force 
r Small rolling radius 
s Web coordinate 
t Wall thickness 
u In-plane displacement along a 
a Folding angle 
o Axial shortening 
() Rotation angle 
(}i Initial angle 
(}J Angle of jamming 
(J" 0 Energy equivalent flow stress 
(J" Ultimate stress 
It 
ljI i Relative rotation rate at the i th hinge 
¢ Out of plane bending 
A Aspect ratio of cross-section 
17 Position of neutral axis 
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F. List of Abbreviations 
2D Two-dimensional 
BC Boundary condition 
CAD Computer aided design 
CAE Computer aided engineering 
DOF Degree of freedom 
FE Finite element 
FEA Finite element analysis 
FOA First order analysis 
MSS Multi-body system simulation 
CMS Component mode synthesis 
183 
CURRICULUM VITAE 
NAME: Yucheng Liu 
ADDRESS: Department of Mechanical Engineering 
J. B. Speed School of Engineering 
University of Louisville 
Louisville, KY 40292 





University of Louisville, Doctor of Philosophy degree in Mechanical 
Engineering granted July 2005 
University of Louisville, Master of Science degree in Mechanical 
Engineering granted July 2003 
Hefei University of Technology, Bachelor of Science degree in 
Mechanical Engineering granted July 1997 
EXPERIENCE: 
2004-present University of Louisville 
Research Assistant, Development of Software Tools Supporting Structural 
Assessment of Wheeled Tactical Vehicles Project (CMTS) 
2000-2002 University of Louisville 
Research Assistant, FORD Improved Materials & Powertrain Architecture 
for 21 st Century Trucks Project (IMP ACT) 
1997-2000 Engineer, Shanghai Yanfeng Automobile Trim Products Co., Ltd. 
AWARDS: 
2002-2004 University of Louisville, Grosscurth Fellowship 
2001 University of Louisville, Hsing Chuang Award for Excellence in Graduate 
Study 
184 
1995-1996 Hefei University of Technology, Scholarship Awarded 
1995-1996 Hefei University of Technology, Scholarship Awarded 
1993-1994 Hefei University of Technology, Scholarship Awarded 
1993-1994 Hefei University of Technology, Scholarship Awarded 
185 
